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Als de casa.

Gracies.






“Imagination will often carry us to worlds that never were, but without it we go

nowhere.”

Carl Sagan

“It's the questions we can't answer that teach us the most. They teach us how to think.
If you give a man an answer, all he gains is a little fact. But give him a question and

he'll look for his own answers. ”

The Kingkiller Chronicle
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Abstract

Metal halide perovskites have garnered significant attention due to their
outstanding optoelectronic properties, positioning them as promising candidates for a
wide range of applications, from light-emission technologies to photovoltaics. Despite
their potential, practical implementation faces challenges such as stability issues,
material degradation, and scalability. In this context, this Thesis investigates
innovative strategies to address these challenges, emphasizing the controlled synthesis
of perovskite nanocrystals within a metal-organic host matrixes and extending this

methodology to explore their potential in perovskite solar cells.

Chapters 4, 5 and 6 explore the potential of the in situ synthesis of perovskite
nanocrystals within host matrixes, effectively addressing the limitations associated
with conventional synthetic methods. This approach leverages critical parameters,
including precursor concentration and ambient conditions, to precisely control
crystallization dynamics, enabling fine-tuning of nanoparticle size and emission
properties. Building upon this foundation, a detailed protocol is developed for
synthesizing MAPbBrs nanocrystals within a Ni(AcO)2 matrix, ensuring
reproducibility and scalability. The protocol outlines how particle size, and hence
optical characteristics, can be finely tuned during the crystallization process. The
approach demonstrates versatility by enabling the synthesis of nanocrystals with
diverse halide compositions, such as chloride, bromide, iodide, and their mixtures,
while significantly enhancing stability against degradation factors like oxygen, UV
light, temperature, and moisture. Additionally, the water-mediated crystallization
mechanism of the nanocrystals is further explored, revealing that humid conditions
facilitate the transformation of 0D MA4PDbBrs structures into highly emissive 3D
MAPDbBr3 NCs. The acetate plays a pivotal role as a mediator, driving hydroxide ions
generation and subsequent trap passivation. Detailed spectroscopic and structural
analyzes elucidate the reversible role of hydroxide ions in enhancing stability and
optical performance. In Chapter 7, the incorporation of Ni(AcO):2 to stabilize CsPbls,
a promising inorganic perovskite with an optimal bandgap (~1.73 eV) for solar cells,
is further explored. Devices fabricated using this approach demonstrated power
conversion efficiencies exceeding 12%, with prolonged operational stability of over




600 hours at MPPT under controlled inert conditions. Furthermore, efficiencies of 15—

17% under white illumination highlight their potential for indoor energy harvesting.

Overall, these findings present a robust, scalable, and cost-effective method for
synthesizing diverse perovskite semiconductor materials, paving the way for their

integration into next-gen optoelectronic devices.

ii Jaume Noguera Gomez
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Chapter 1: Introduction

Abstract

This chapter provides an overview and analyzes one of the major challenges that
humanity is facing: climate change. It is important to note that the intention is not to
leave the reader with a sense of despair. Quite the opposite. It is crucial to articulate
the narrative around this issue clearly and objectively, emphasizing that inaction will
lead us to a point of no return. Thus, abandoning short-term thinking, prioritizing
delocalization, and investing in the development and improvement of materials for

energy solutions are essential steps.
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1.1 SETTING THE SCENE

The concept of Planetary Boundaries was first introduced by Johan Rockstrom
and a group of 28 leading scientists in 2009.! The framework defines limits within
which humanity can safely operate to avoid catastrophic environmental changes.?
These boundaries (described in Table 1), grounded in scientific research, identify
critical thresholds in key Earth system processes. Crossing one of them risks triggering

abrupt non-linear changes.

Table 1. Planetary boundaries.

Boundaries Description

Increased greenhouse gases trap more heat, raising global

Climate change ) .
g temperatures and altering climate patterns.

Synthetic chemicals, microplastics, and GMOs are
released into the environment without sufficient testing,
surpassing safe levels.

Novel entities

The ozone layer is recovering but remains below mid-20th-

Stratospheric ozone . - .
P century levels, staying within safe limits.

Atmospheric aerosol
loading

Human activities increase airborne particles that affect
climate; the current level remains within safe bounds.

Ocean acidification

Rising ocean acidity due to CO- absorption impacts marine
life and carbon storage, nearing the unsafe threshold.

Biogeochemical
flows

Excessive nitrogen and phosphorus cycles are disrupted by
human activity, breaching safe levels

Freshwater use

Human activities have disrupted global water cycles,
exceeding safe limits for rivers and soil moisture.

Land system change

Deforestation and urbanization reduce natural carbon sinks
and habitats, crossing the safe boundary

Biosphere integrity

Loss of species diversity and ecosystem health surpasses
safe levels, endangering planetary regulation mechanisms

Of the nine proposed boundaries, by 2023 humanity has already exceeded six of
them (Figure 1).2 At this point, the need for sustainable governance to maintain a safe

operating space for human development on a planetary scale is essential.
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Figure 1. The planetary boundaries framework based on Richardson et al. 2023,
adapted from literature.®

Besides, the interconnectedness of Planetary Boundary processes suggests that
achieving goals such as limiting global warming to a certain threshold requires action
in all of them at once. While this complex scenario may seem challenging, it offers a
significant opportunity for sustainable development. Addressing the factors that drive
systems toward tipping points can lead to synergistic benefits in conservation and
resilience.

1.2 AN URGENT NEED

In this scenario a direct question arises: How can we effectively confront the
challenge of moving away from fossil fuels, a resource that has fundamentally shaped

human development and progress in our recent history?

Since the Industrial Revolution, fossil fuels have long been the backbone of

global energy systems, powering industries, transportation, and homes.* However, as
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society progresses, the drawbacks of relying on fossil fuels have become increasingly

apparent. The environmental, economic, and health impacts associated with fossil fuel

consumption raise significant concerns about their sustainability in our current society.

In essence this can be articulated through the following issues:

Environmental Degradation: The extraction and burning of fossil fuels
contribute to severe environmental degradation.® Qil spills, coal mining, and
natural gas extraction disrupt ecosystems and lead to habitat loss.®
Moreover, the combustion of fossil fuels releases greenhouse gases,
primarily carbon dioxide, which is a major driver of climate change. This
phenomenon results in extreme weather events, rising sea levels, and

biodiversity loss, threatening the very fabric of life on Earth.

Health Risks: The health implications of fossil fuels use are profound. Air
pollution from burning fossil fuels is linked to respiratory diseases,
cardiovascular problems, and premature deaths.” Communities near fossil
fuel extraction sites often experience higher rates of health issues due to
toxic emissions and contaminated water supplies. The burden of these health
risks disproportionately affects vulnerable populations, exacerbating social

inequalities.

Economic Instability: The fossil fuel market is subject to volatility, with
prices fluctuating based on geopolitical tensions, supply chain disruptions,

and market speculation.

Finite Resources: Fossil fuels are non-renewable resources, meaning they
will eventually deplete.® As extraction becomes more challenging and

costly, the energy return on investment diminishes.

The drawbacks of fossil fuels in our current society are too significant to ignore.

The extraction and consumption of these resources contribute significantly to climate

change and ecological harm. Specifically, the increase in atmospheric greenhouse gas

concentrations has significantly contributed to the ongoing warming of the planet.

Figure 2 provides the visualizations of the surface air temperature for the period of
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1940 to present.t According to data from the C3S, earth recently recorded its highest
temperature in recent history. On July 22, 2024, the global daily average temperature
reached a new peak of 17.16°C, surpassing the previous record of 17.08°C recorded
on July 6, 2023. This new record was identified using the ERA5 dataset, indicating the
continued trend of rising global temperatures.

Daily Surface Air Temperature, World (90°S-90°N, 0-360°E)

Dataset: ECMWF Reanalysis V5 (ERA5) downloaded from C3S | Image Credit: ClimateReanalyzer.org, Climate Change Institute, University of Maine
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Figure 2. Daily global surface air temperature. Reproduced from Ref°.

At this critical global juncture, two unavoidable approaches become essential:
(i) the shift towards renewable energy sources for a global energy transition and (ii)
the academic and social movement of degrowth, which serves as a critical framework
for tackling these challenges. (i) Renewable energy sources, such as solar, wind, and
hydroelectric power, offer a viable alternative to fossil fuels. These sources are not
only environmentally friendly but also provide energy security and stability. By
harnessing the power of nature, we can reduce greenhouse gas emissions, improve
public health, and create a more resilient economy. The adoption and integration of
renewables are crucial for transitioning to an energy model that reduces environmental
impact, supports long-term ecological balance, and addresses the urgent need to
combat climate change. For its part, (ii) degrowth promotes the intentional cut down

of production and consumption, prioritizing sustainability and ecological balance over

! The data source is based on the Copernicus Climate Change Service (C3S) Reanalysis version 5
(ERA5).°
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perpetual economic growth. Overall, it is essential to take action, as delaying efforts

will likely lead to increasingly severe consequences in the future.

1.3 RENEWABLE ENERGY

The global emissions scenario is influenced by geopolitical events, economic
developments, and energy system transformations. In this section, we will overview
2024 global report!! from the International Energy Agency (IEA) to better understand
the global situation and the urgent need for new technologies. The IEA was established
within the Organisation for Economic Co-operation and Development (OECD)
framework to foster international?® cooperation on energy-related technical matters. For
its statistics the IEA considers three scenarios. In the Stated Policies Scenario (STEPS)
—defined as the current direction of the energy system—, emissions are expected to
peak before 2030, followed by a gradual decline at about 1% per year. However, under
this scenario, the projected temperature increases by the year 2100 is 2.4°C, far above
the target (1.5 °C) of the IPCC?® needed to address climate change effectively. The
Announced Pledges Scenario (APS) suggests that if all national pledges are met, the
temperature rise could be limited to 1.7°C. The most optimistic scenario, Net Zero
Emissions by 2050 (NZE), provides a pathway to limit global warming to 1.5°C, but

it requires aggressive action and rapid declines in emissions, far beyond current efforts.

The World Energy Outlook 2024!! of the IEA highlights that the global energy
mix (Figure 3) is gradually shifting, but fossil fuels still dominate the market. In 2023,
fossil fuels made up approximately 80% of global energy consumption, a slight decline
from 82% in 2013. While the demand for energy has increased by 15% over the past
decade, the clean energy sources* met about 40% of this new demand. Notably, the
deployment of clean energy has been particularly prominent in emerging economies,
where energy demand grew by 2.6% per year, driven by industrial growth, urban

expansion, and economic development.

2 The 31 member countries and 13 associate countries of the IEA account for approximately 75% of
global energy demand.

3 Intergovernmental Panel on Climate Change

4 including renewables, nuclear, and low-emission fuels
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Figure 3. Global energy mix by scenario to 2050. Reproduced from World Energy
Outlook 2024.

Despite the progress in clean energy deployment, CO2 emissions remain a
critical issue. In the STEPS, global CO2 emissions are expected to peak before 2030,
followed by a modest decline (Figure 4). However, this trajectory falls short of what
is needed to meet international climate targets, as it implies an average temperature
increase of 2.4°C by 2100. To meet more ambitious climate targets, including limiting
temperature rise to below 1.5°C, much more aggressive reductions in emissions are

required, which are outlined in the NZE scenario of the report.

7 2000
i 2023
@ 2050 STEPS
© 2050 APS
"'"H?,-é-' ."-.
e O
0 20 40 60 80 100 120 140
GDP per capita (thousand USD, 2023 PPP)
IEA. CC BY 4.0.

Figure 4. STEPS and APS CO2 emissions and GPT per capita (selected countries).
Reproduced from the World Energy Outlook 2024.
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From its part, the deployment of clean power technologies has accelerated
significantly. In 2023, over 560 gigawatts (GW) of new renewable capacity were
added globally, nearly double the annual rate seen a decade ago (see Figure 5). Despite
this progress, the expansion of clean power generation has not matched the growing
global electricity demand. From 2010 to 2023, electricity output from low-emission
sources® rose by roughly 5,000 TWh. However, clean power is not yet excelling global
electricity demand as during the same period, global electricity generation increased
by almost 8,500 TWh. Interestingly, since 2010, solar PV capacity has increased by a
factor of 40, while wind capacity has grown sixfold. Combined, solar PV and wind
energy have contributed to approximately 75% of the growth in clean power
generation during this period.

Installed capacity Electricity generation

Thousand TWh

2010 2023 2010 2023
M Hydro ' Nuclear ®m Bioenergy " Wind m Solar PV = Other low-emissions Total electricity

IEA. CCBY 4.0.

Figure 5. Global installed clean power capacity and electricity generation comparison,
2010-2023. Reproduced from World Energy Outlook 2024.

In this line, by 2030, the renewable power generation capacity is expected to
increase from 4,250 GW to almost 10,000 GW. Low-emission energy sources,
including solar, wind, and nuclear power, are set to generate over half of the world's
electricity by 2030, positioning clean energy as the leading contributor to electricity
generation in the coming decades (see Figure 6).

5 including renewables, nuclear, fossil fuels with carbon capture, hydrogen, and ammonia
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Figure 6. Global installed capacity of renewables emissions reduction by scenario.
Reproduced from the World Energy Outlook 2024.

The transition to a cleaner energy mix is underway, but the pace is still
insufficient to meet critical climate targets. The need for renewable energy
technologies is more pressing than ever to curb CO2 emissions and ensure energy
security amidst geopolitical uncertainties and rising global energy demand. At this
point, one might infer the IEA report to be somewhat optimistic and potentially biased,
as it highlights in the same period of time the peak in installed clean power capacity
while simultaneously reaching the peak in global CO2 emissions. This apparent
contradiction underscores the need for critical analysis and further emphasizes the
importance of advancing the decarbonization of our economies. Thus, fostering
accurate investment in renewable technologies and facilitating their adoption,
especially in developing economies, is essential to achieving a sustainable energy
future. To meet these goals, research into novel materials for energy solutions turns
out to be a key strategy. The following section will introduce the interest in the
materials investigated in this Thesis while discussing their significance in addressing

the energy transition.

1.4  AIM OF THIS THESIS

On balance, the integration of renewable technologies is essential for

establishing a sustainable energy model that not only reduces environmental impact
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but also fosters ecological resilience. Though, achieving this requires significant effort

and the development of innovative solutions.

In this context, nanocomposites represent a versatile and promising class of
materials, largely due to their ability to combine the advantageous properties of their
individual components while mitigating their respective limitations. These hybrid
systems often exhibit synergistic effects, resulting in enhanced mechanical, optical,
electronic, or chemical performance compared to their single-phase counterparts. This
adaptability has made nanocomposites integral to a wide range of advanced
technologies, including energy storage, catalysis, and optoelectronics. The integration
of nanocomposites with perovskite materials is particularly compelling.

Perovskites, renowned for their exceptional optoelectronic properties, such as
high absorption coefficients, tunable bandgaps, and long charge-carrier diffusion
lengths, have garnered significant attention for their potential use in different
applications. However, their inherent susceptibility to environmental stressors, such as
moisture, oxygen, and thermal fluctuations, limits their stability and long-term
performance. Specifically, the inherent instability of perovskite nanocrystals (PNCs),
driven by their sensitive surface chemistry, aggregation, and the complex multi-step
purification processes, required by conventional synthetic methods, remains a critical
challenge in the field. Thus, the use of nanocomposites as hosts for perovskites offers

a strategic pathway to address these challenges.

The overall aim of this research focuses on the synthesis and characterization of
novel nanocomposite perovskite-based materials. Key emphasis is placed on
understanding the urgent global need for these technologies, as well as the study of
materials that can be easily scaled. This focus is essential for fostering implementable
and versatile materials, thereby enhancing accessibility and sustainability in energy
production. The Thesis will also shed light on various key synthetic aspects of the
preparation of nanocomposites along with strategies to enhance their stability and
processability, facilitating their integration into devices. Besides, to connect
fundamental science with practical applications, most of the novel synthetic
approaches described here have been tested in real-world devices such as solar cells.
Lastly, the materials developed in this research have resulted in multiple patents, using
nanocomposite-based strategies, for metal halide perovskites (MHPs) nanocrystals

(NCs) in matrixes and stabilizing all-inorganic perovskite solar cells (PSCs).
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1.5 THESIS OUTLINE

This thesis is divided into eight chapters. Chapter 1 sets the context of the topic,
providing a comprehensive introduction to the global situation and setting the stage
for the interest in the materials investigated throughout the work. Following this,
Chapter 2 explores the fundamental background and concepts upon which the
experimental techniques and results are based, while Chapter 3 provides an overview
of the methodologies and techniques employed in this research. Chapters 4 and 5
present the results of a novel synthetic approach for preparing PNCs within matrixes
and a detailed protocol for precise control over the final output, respectively. Chapter
6 builds on the previous results and offers a detailed crystallization and passivation
mechanism for the nanocomposites, revealing their exceptional properties. Chapter 7
explores nickel acetate's role in stabilizing wide-bandgap perovskites like CsPbls for
all-inorganic PSCs. Leveraging nanocomposite materials, we demonstrate improved
stability and photovoltaic (PV) performance. Finally, Chapter 8 wraps up the Thesis
by underscoring the key contributions of the research. It discusses potential future

directions for further exploration in this field.
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Chapter 2: Chemistry and Physics
background

Abstract

This chapter focuses on the key chemical and physical principles that set the
basis for the diverse materials and devices explored in this Thesis. In detail, we
introduce key fundamental concepts that are crucial for providing a deeper
understanding of the results presented. The chapter will discuss the basic chemistry
and physics of MHP semiconductors, emphasizing the main approaches and synthetic
routes and how to affect their electronic properties. Understanding these concepts is

crucial for following the discussions and results presented in later chapters.
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2.1 METAL HALIDE PEROVSKITES BACKGROUND

This Thesis predominantly investigates the synthesis and fundamental properties
of MHP semiconductors, which have emerged as promising materials in optoelectronic
applications due to their exceptional photophysical characteristics. Specifically,
Chapters 4, 5 and 6 focus on the preparation of MHPs NCs through a novel synthetic
approach with key parameters for fine tune the final properties of the NCs. Besides,
Chapter 7 introduces an innovative strategy for stabilizing wide band-gap perovskites,
addressing a critical challenge in enhancing their practical usability. Given that the
physical properties of MHP semiconductors differ significantly from those of
established semiconductor technologies, this section aims to provide a comprehensive
overview of their unique characteristics. Additionally, it offers a concise review of
current state-of-the-art advancements in the field, highlighting recent breakthroughs
and ongoing research trends that underscore the significance of MHPs in advancing

semiconductor science.

2.1.1 Introduction

Semiconductor materials are foundational to modern technology, underpinning
a vast array of applications such as PV cells, light-emitting diodes (LEDSs), and
integrated circuits.*2 Only by doping (introducing impurities) in different regions of a
semiconductor, one can manipulate its charge carrier density and type, enabling the
formation of different junctions. These junctions are critical in controlling electron
flow, facilitating the operation of diodes and transistors®. Given the critical role that
semiconductors play in technological advancement and societal infrastructure,
extensive research has been devoted to synthesizing novel semiconductors for more

powerful, efficient and versatile devices.

Among the emerging materials, over the past decade, MHPs have become a focal
point of materials science research, driven largely by their remarkable advancements
in solar cell efficiencies.® This surge in interest initially stemmed from the PVs
community, where cost-effective devices using bulk MHP films demonstrated

exceptional potential.}* However, the appeal of MHPs soon expanded beyond solar

® The fundamental building blocks of electronic circuits
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cells, as researchers began exploring the vast possibilities of MHPs as nanocrystals

(NCs) for a wide range of optoelectronic applications.*®

2.1.2 History and state-of-the-art

The perovskite family encompasses a wide range of materials, unified primarily
by their characteristic lattice structure. The history of perovskite materials begins with
their initial discovery in 1839 by German mineralogist Gustav Rose, who identified
the mineral calcium titanium oxide (CaTiOs) in the Ural Mountains and named it
"perovskite" in honor of Lev Perovski'®, a Russian mineralogist. More than a century
later, the synthesis of the first MHP semiconductor in 1978 marked a significant
milestone, opening avenues for their application in electronic devices.!” Undoubtedly,
a pivotal advancement occurred in 2009 when researchers reported the use of
organometal halide perovskites as light absorbers in solar cells, achieving initial power
conversion efficiencies around 3.8%.' The materials' versatility was further
showcased in 2014 with the development of the first perovskite light-emitting diode
(LED), highlighting its exceptional optoelectronic properties.® Currently, PSCs have
achieved remarkable progress, with single-junction devices reaching efficiencies
exceeding 26.7%, reflecting rapid advancements and solidifying perovskites as leading
materials for next-generation PV technologies.'® To better appreciate the remarkable
journey of perovskite materials over the years, Figure 7 presents a schematic timeline

illustrating their key developmental milestones.
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Figure 7. Perovskites timeline highlighting significant milestones.

2.1.3 The perovskite structure.

In the most widespread PV perovskite materials, the crystal structure adheres to
the general formula ABXs, where 'A' represents a large cation, 'B' is a smaller cation,
and 'X' is an anion forming the lattice framework. The 'A’ site can be occupied by
various cations, including organic options like methylammonium (MA, CHsNHs") and
formamidinium (FA, HC(NH2)2"), as well as inorganic cations such as caesium (Cs*).
The 'B' site is commonly filled by lead ions (Pb?*) but can also be substituted by tin
ions (Sn?*). The 'X' site consists of halide ions like iodide (I"), bromide (Br), or
chloride (CI"). The crystal lattice of HPs comprises a three-dimensional network of
corner-sharing PbXs* octahedra. Within this framework, A-site cations are situated in
the 12-fold coordinated voids, ensuring overall charge neutrality (see Figure 8). The
specific dimensions and three-dimensional geometry of the individual PbXs*
octahedra, as well as their arrangement in space, are crucial in determining the
observed structural and optoelectronic properties of the perovskite. Besides, their
compositional flexibility allows for fine-tuning of the perovskite's properties, making

them highly suitable for optimizing performance in solar cell applications.?
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Figure 8. Perovskite crystal unit cell (ABXs) for a Pm3m space group. Vesta 3
Software?! adapted from literature.?

An commonly used consideration for determining the stability and formability
of the perovskite lattice is the Goldschmidt tolerance factor.® With a
phenomenological origin, this size-dependent dimensionless factor, denoted by t, is
widely used to predict whether a specific combination of ions can result in a stable

perovskite structure. It is calculated using the Equation 1:

rAa+Tx

V2(rp +rx) 1

where Ia, I's, and I'x represent the ionic radii of the A-site cation, the B-site

t =

cation, and the anion, respectively. The Goldschmidt factor is particularly important
in the context of MHPs used in optoelectronic devices like solar cells and LEDs. A
proper balance between the ionic radii ensures structural stability, which in turn affects
the material's electronic properties and overall performance. In the field of perovskite
solar cells (PSCs), the choice of A-site cations plays a pivotal role in their development
and optimization.?#?® These cations are characterized by their ionic radii and the
corresponding tolerance factor (t), which is calculated based on the APbX; lattice
framework. The value of the t determines the crystal structure that the perovskite
material can adopt. The ideal value of the Goldschmidt t for a perfectly cubic
perovskite structure is around 1. For values of t between 0.8 and 1.0, the material
typically crystallizes into three-dimensional corner-sharing perovskite structures, such
as cubic, tetragonal, or orthorhombic phases (see Figure 9b).26 These structures are
stable and known for their desirable electronic and optical properties, making them
highly suitable for optoelectronic applications. However, if the tolerance factor falls

outside this range, significant structural changes occur. When t is less than 0.8, which
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can happen when the A-site cation is too small, the material tends to crystallize in non-
perovskite phases.?” Conversely, when the tolerance factor exceeds 1, indicating that
the A-site cation is too large (Figure 9b highlights possible A-cations), the material is
likely to form a hexagonal structure, which also lacks the 3D corner-sharing PbXs*
octahedral network characteristic of perovskites.?® In some cases, the presence of
larger, densely packed cations can lead to perovskite-like structures, but with reduced
dimensionality. These structures can feature networks of corner-sharing PbXs*
octahedra that are confined to two-dimensional (2D) planes or even one-dimensional
(1D) chains.?® Thus, the wide range of structural variations plays a crucial role in
influencing the overall performance and stability of perovskite-based devices,
providing opportunities for tailoring materials to specific applications through careful
selection of A-site cations. Furthermore, the inclusion of ionic shape considerations,
in addition to ionic sizes, has recently extended the applicability of the Goldschmidt
factor.*® Figure 9a presents a detailed schematic highlighting the role of A-site cations

in influencing the physicochemical and optoelectronic properties of MHPs.
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Figure 9. (@) Schematic illustration on the A cation role in tailoring physicochemical
and optoelectronic properties of MHPs. (b) Most relevant A-site cations classified by
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their cationic radius (in parenthesis) and corresponding tolerance factor based on the
APDI3 lattice framework. The right-side image shows the ammonium cation structures
abbreviated in the plot. Figure adapted from Ref?,

2.1.4 Applications and main properties of MHPs.

This subsection provides a detailed overview of the fundamental electronic
properties of MHPs materials. Key topics include bandgap characteristics, spin-orbit
coupling effects, electron and hole effective masses, optical absorption, defect
tolerance, and the transport behavior of photoexcited carriers. Special emphasis is
placed on how these properties influence slow recombination rates, carrier dynamics,

and mobilities, which are crucial for optimizing device performance.

2.1.4.1 Bandgap Characteristics
MHP materials exhibit a direct bandgap, which is highly beneficial for PV

applications due to efficient light absorption and charge carrier generation.3 The
bandgap can be tuned across the visible spectrum by altering the composition of the
‘A, 'B', and "X sites. The cation substitution of methylammonium with formamidinium
or cesium can adjust the bandgap slightly due to changes in the lattice constants and
structural distortions.?® In contrast, the halide plays a more drastic role determining the
final bandgap. Halide exchange, for instance substituting iodide with bromide, or
bromide by chloride, significantly widens the bandgap allowing for tunability from
~1.25 eV to over 3 eV when bulk Pb-based perovskites are considered.

In the Section 2.2.2 of this chapter a more fundamental description of bandgap

modification specially for semiconductor nanocrystals is provided.

2.1.4.1.1 Valence and Conduction Bands

Numerous theoretical studies have already advanced our fundamental
understanding of electronic structure.®® In the case of MAPDbIs and related materials
the composition of the Valence Band Maximum (VBM) is primarily derived from the
antibonding interaction between the metal cation's ns orbitals (e.g., Pb 6s) and the
halide p orbitals (e.g., | 5p). For its part, the Conduction Band Minimum (CBM)
mainly consists of the metal cation's np orbitals (e.g., Pb 6p) with minor contributions
from the halide orbitals (see Figure 10).%*
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Consequently, the organic molecules primarily contribute to stabilizing the
perovskite structure and adjusting the lattice constant, rather than directly influencing
the electronic structure. Thus MAPbIs and similar materials are characterized by strong
optical absorption and luminescent properties, where the valence band maximum
(VBM) and conduction band minimum (CBM) align at the same point in reciprocal

space (k-space).*®
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Figure 10. (a) Illustration of the bonding and antibonding orbitals in MAPbIs, focusing
on the [Pbls]* octahedral units relative to the energy levels of isolated s and p atomic
orbitals. (b) Density of States (DOS) for MAPbIs, with the individual contributions
from the s and p orbitals of both cations and anions distinctly separated. Calculations
were performed using the many-body GW method, incorporating Spin-Orbit Coupling
(SOC) effects. Adapted from Ref34,

2.1.4.2 Spin-Orbit Coupling Effects

SOC is a quantum mechanical phenomenon where a particle's spin interacts with
its orbital motion around a nucleus. This interaction alters the energy levels and
influences the magnetic and optical properties of materials. In perovskites, the heavy
metal cations like lead (Pb*") introduce strong SOC effects due to relativistic
interactions. SOC leads to significant splitting of the conduction band and affects the
bandgap energy. SOC also lowers the energy of the conduction band minimum,
effectively reducing the bandgap, while influencing the curvature of the bands and

impacting the charge carriers effective masses.*’
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2.1.4.3 Electron and Holes Effective Masses

The electronic structure of MAPDI3 and related materials differs from that of
conventional semiconductors. As mentioned before, their CBM is primarily composed
of Pb p orbitals, while the VBM is a combination of Pb s and | p orbitals. SOC-GW
calculations’ yielded effective masses for electrons and holes of 0.19 and 0.25 times
the free electron mass, which closely matched recent magnetoabsorption spectroscopy
results.®® Given that mobility is inversely proportional to effective mass of the carriers,
perovskite materials exhibit well-balanced electron and hole diffusion lengths which

positively impacts their efficiency when structured as solar cells. 33940

2.1.4.4 Optical Absorption

The electronic band structure strongly impacts the optical absorption coefficient
of these materials. A key characteristic of perovskite materials is their relatively high
absorption coefficient. For example, MAPDIs layers thinner than 500 nm are capable
of absorbing sufficient photons to reach an efficiency exceeding 15%. In contrast, the
absorber layers in first and second-generation solar cells typically measure around 300
um and 2 mm, respectively. Specifically, perovskite materials exhibit strong optical
absorption coefficients (>10° cm™!) related to direct transitions and a broad absorption
spectrum. The direct bandgap allows for efficient photon absorption and electron
excitation without the need for phonon assistance. Meanwhile, the ability to absorb a

wide range of the solar spectrum enhances the photocurrent generation in solar cells.**

2.1.4.5 Charge Carrier Transport Properties

Another interesting feature of perovskite materials is their carrier mobility.
Charge carrier mobility in perovskites ranges from moderate to high, with the reported
electron and hole mobilities varying between 1to 70 cm? V! s™!, depending on factors
such as material quality and the measurement techniques used.*’ Importantly, the
transport is well-balanced for both electrons and holes, which helps minimizing charge
accumulation and reduce recombination losses, enhancing overall device efficiency.*?

At the same time, MHPs also exhibit slow non-radiative recombination rates, which

" With the relativistic GW approximation

22 Jaume Noguera Gomez



contribute to the extended carrier lifetimes observed, often exceeding hundreds of
nanoseconds. At moderate carrier densities, bimolecular recombination dominates,
consistent with the Shockley-Read-Hall recombination models, ensuring longer carrier

diffusion lengths (another important feature) and better PV performance.*?

2.1.4.6 Defect Tolerance

The reason for these suitable properties is strongly based on the MHPs’ defect
tolerance. Usually, conventional semiconductor technologies aim to produce near-
perfect crystals to minimize defects, as imperfections can significantly degrade their
optoelectronic performance. For instance, single-crystalline silicon is renowned for its
extremely low defect densities, at a price of very restrictive and energy demanding
fabrication strategies.** In contrast, MHP materials used in solar cells are typically
synthesized through solution processing at near room temperature, which inherently
leads to a higher density of defects.*® Surprisingly, these defects do not drastically
impair its performance, and the reasons behind this defect tolerance are still being
explored. One key aspect of the original defect tolerance concept of MAPbIs and
related MHPs materials lies in its unigue electronic structure. These materials possess
an antibonding upper VB and a bonding lower CB, a configuration where dangling
bond defects are energetically unfavorable®.® As a result, the bandgap remains clean,
and only shallow defects are formed (see Figure 11), which do not trap charge carriers

significantly.

8 As they are effectively pushed into the continuum bands
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Figure 11. Band structures of an archetypical defect-intolerant semiconductor and the
defect-tolerant perovskite (e.g. MAPDI3). Adapted from Ref*

Another crucial factor is the material's ability to screen electrostatic
perturbations caused by charged defects. This is quantified by the dielectric constant
of the material. MAPbIs has a dielectric constant that is approximately three times
higher than that of other thin-film PV materials like cadmium telluride (CdTe).*
Higher dielectric constant can enhance the charge screening effect, thereby minimizing
the influence of charged defects on charge carriers and improving defect tolerance.*®
The effective masses of charge carriers in MAPDbIs also play a significant role. AS
mentioned before, lower effective masses mean that electrons and holes can move
more freely, leading to higher carrier mobility and electrical conductivity. This
mobility reduces the chance of carriers becoming localized at defect sites, which can
slow down charge transport and lead to energy losses.*® Besides, the perovskite
structures like MAPDI3 are composed of a framework of corner-sharing Pbls*"
octahedra, forming an overall stoichiometry of Pbls-, with MA cations occupying the
cuboctahedral voids. This framework is intrinsically soft and exhibits dynamic
disorder, meaning the lattice can easily deform in response to external stimuli. Such
softness facilitates the formation of large polarons, where charge carriers are
surrounded by a cloud of lattice vibrations (phonons). These large polarons can
significantly screen the electrostatic potential of charged defects, reducing scattering

events and further enhancing charge mobility.>°

In essence, the combination of a favorable electronic band structure, high

dielectric constant, low effective mass of charge carriers, and the formation of large
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polarons are proposed as the main reasons for these materials’ defect tolerance. The
defects present are energetically shallow and effectively screened, diminishing their
impact on recombination processes that typically reduce the efficiency of PV
materials. Understanding these mechanisms is crucial for the development of high-
performance perovskite solar cells. It opens pathways to fabricate devices that are less

sensitive to defects, potentially lowering production costs and increasing scalability.

Collectively, the unique electronic band structure and exceptional properties of
perovskite materials (tunable bandgaps, strong optical absorption, high charge carrier
mobilities, and remarkable defect tolerance) not only make them ideal for solar cells
and LEDs but also extend their applicability to a wide array of advanced technologies.
For instance, in thermoelectric applications, the ability to engineer the electronic
structure and reduce lattice thermal conductivity allows perovskites to efficiently
convert temperature gradients into electrical energy.>! Their ionic conductivity and
adjustable electronic states enable the emulation of synaptic functions in neuromorphic
devices, making them promising candidates for artificial synapses in next-generation
computing systems.>? Furthermore, the strong absorption coefficients and excellent
charge transport properties facilitate their use in photodetectors and X-ray detectors,
where they can sensitively detect a broad spectrum of electromagnetic radiation from
visible light to high-energy X-rays (suitable for medical imaging and security scanning
applications).> These multifaceted features position perovskites as versatile materials
with the potential to revolutionize various fields beyond traditional optoelectronics.
Figure 12 combines all the previously discussed properties and illustrates the current

research directions in which metal halide perovskites (MHPs) are being explored.
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Figure 12. Schematic illustration of the main properties and research lines of MHPs.

In addition to their well-established properties, MHPs exhibit even more remarkable
potential when synthesized as nanocrystals. The nanoscale dimension of these
materials unlocks an entirely new range of properties and functionalities, such as
enhanced high quantum yields, rapid radiative decay, and narrow emission line widths
even under weak confinement conditions. In the following section, we will explore the
unique advantages that arise from the nanoscale structuring of MHPs, examining how
these nanocrystal properties contribute to advancements in both fundamental research

and practical device applications.

2.2 MHP NANOCRYSTALS

As a significant portion of this Thesis focuses on the study of MHP NCs using a
novel synthetic approach, it is relevant to review their history and background as well
as their most common preparation techniques. This section serves to provide a
comprehensive outline detailing the key concepts of MHP NCs that are essential for
understanding the results and discussions presented in the subsequent chapters.
Additionally, a general perspective will be provided on the impact of the current most
used synthetic strategies and their effect on the optoelectronic properties and stability

of MHP nanocrystals.

26 Jaume Noguera Gomez



2.2.1 Brief history of colloidal MHP NCs

In the 1980s, the first theoretical models of small spherical semiconductor
nanocrystals (NCs), also known as quantum dots (QDs) when their size is below the
Bohr diameter, were introduced.>® These models marked a significant milestone in
understanding the properties of quantum dots, largely due to rapid advancements in
synthesizing colloidal PbS and CdSe NCs.> However, one of the key challenges in
aligning experimental data with theoretical predictions was the accurate determination
of the size and shape of NCs, especially within the small size range of 1-10 nm. This
limitation was overcome with the development of the transmission electron
microscope (TEM), which did not achieve the necessary resolution for nanomaterial
imaging until the 1970s despite its first development in the 1930s. The TEM provided
direct visual evidence of NCs, bridging the gap between theory and experiment.
Another major breakthrough occurred in 1993, the research group led by Moungi
Bawendi, recipient of the 2023 Nobel Prize in Chemistry, developed a synthetic
method that produced nearly monodisperse colloidal CdSe NCs with near-atomic
precision.®® This advancement led to the rapid growth of colloidal semiconductor NC
research, expanding to materials such as PbSe, InAs, and ZnS, among others. In
addition to this, a whole field was created, which began synthesizing complex binary
NCs with multiple semiconductor domains offering unprecedented tunability of NC
properties. As the field matured, it moved from fundamental research toward practical
applications, with NCs being explored for use in LEDs, lasers, solar cells, and medical

treatments.

In 2012, several studies highlighting the defect-tolerant nature of MHPs sparked
significant interest in the scientific community to explore their colloidal synthesis as a
new class of nanomaterials. In 2014 Schmidt et al. reported the first successful
synthesis of methylammonium-based MHP NCs using the LARP method.®’ Shortly
after, in 2015, Protesescu and colleagues developed monodispersed NCs through hot-
injection methods, reaching a remarkable PLQY of approximately 90% without any
post-synthetic treatments.®® By adjusting the halide precursor ratios, they achieved
tunable emission across the visible spectrum, with a narrow full width at half
maximum (FWHM) of less than 15 nm. Around the same time, Zhang et al.
synthesized CHsNHsPbXs NCs using a ligand-assisted reprecipitation method,
yielding NCs with high PLQY at room temperature without additional surface
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passivation.® This unexpected behavior contradicted many assumptions about
traditional semiconductor QDs, highlighting the unique properties and ease of
synthesis of MHP NCs. These characteristics have quickly made MHP NCs a
prominent and rapidly expanding research area, with the potential to reshape
established concepts in nanomaterials. The ability to precisely control the size and
composition of MHP NCs has unlocked new opportunities for fine-tuning their
properties, accelerating the growth of this emerging field and drawing significant

attention within the scientific community.

2.2.2 Electronic Structure and Molecular Orbital Theory in Semiconductor
Nanocrystals

To fully comprehend the optical and electronic properties of semiconductor
nanocrystals, it is essential to first anaunderstand the behavior of electrons in single
atoms and how this behavior evolves when atoms bond to form molecules or solids. In
atoms, electrons occupy specific regions around the nucleus, known as atomic orbitals

(AOs), which are described by the Schrodinger equation (Equation 2):

Hy = Evy 2
where H is the Hamiltonian operator representing the total energy of the electron,
and E is the electron’s energy. The Schrodinger equation can be further refined to

separate the kinetic and potential energy components (Equation 3):

Ao, B 3
(—%V + V)¢ = Ey

Here, # is the reduced Planck constant, V is the Laplace operator, and Vis the
electrostatic potential. Solving this equation provides wave functions for electrons,
known as atomic orbitals, that describe the probability distribution of an electron's
location.®® The electron's likely position is expressed as a probability, proportional to
y? and the arrangement of electrons in AOs follows the quantum numbers, which
define their energy levels, shape, and orientation (see Figure 13). When atoms combine
to form a molecule, their atomic orbitals merge through a process known as
hybridization, giving rise to molecular orbitals (MOs). The formation of MOs can be
described using the linear combination of atomic orbitals (LCAO) approach, which

involves combining the wave functions of the individual AOs.
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Figure 13. 3-D visualizations of hydrogen AOs.
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This combination can be either constructive or destructive. Constructive overlap,
where the signs of the wave functions are the same, leads to bonding orbitals, reducing
the electron’'s energy and creating a stable interaction between atoms. Destructive
overlap, where the wave functions have opposite signs, results in antibonding orbitals
with higher energy and a node where the electron's presence is minimal. In a simple
H: molecule, two hydrogen atoms' 1s orbitals combine to form a bonding molecular
orbital (o) and an antibonding molecular orbital (¢*). The two electrons occupy the
bonding orbital, lowering their energy and stabilizing the molecule. More complex
molecules form more intricate MOs due to the interaction of different orbitals, such as
s and p orbitals, across various energy levels. In semiconductor materials, like a Pbls*
cluster, the Pb 6s and 6p orbitals hybridize with the I 5s orbitals, creating bonding and
antibonding MOs. The highest energy occupied orbital is referred to as the Highest
Occupied Molecular Orbital (HOMO), and the lowest energy unoccupied orbital is
known as the Lowest Unoccupied Molecular Orbital (LUMO). All this has previously
been discussed in this chapter in the context of the bandgap characteristics of MHP
materials (see section 2.1.3).

2.2.2.1 Size dependence

Semiconductor NCs exhibit unique optical properties compared to bulk
materials, which can be understood by treating NCs as large molecules composed of
hundreds to thousands of atoms. Unlike bulk materials with quasi-continuous energy

bands, NCs have discrete energy states at the band edges, explained through the linear
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combination of atomic orbitals (LCAQ). As the size of NCs increases, the separation
between these energy states decreases, while in bulk solids, the states merge into a
continuum (see Figure 14a). This transition, known as the quantum confinement effect,
leads to a widening of the bandgap in smaller NCs. This widening in the energy
difference between the HOMO and LUMO, leads to unique optical properties. These
quantum effects, influenced by both atomic and molecular interactions, play a
fundamental role in defining the electronic structure and behavior of semiconductor
NCs. Understanding these principles is essential for advancing applications in
optoelectronics, such as quantum dots, where the control of electron behavior at the

nanoscale directly impacts the final semiconductor properties.
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Figure 14. Schematic representation of (a) quantum confinement effect and (b) energy
level structure comparing a bulk semiconductor and semiconductor nanostructures
confining dimensionality. Adapted from Ref®?.

A more intuitive approach to understanding the quantum confinement effect
involves examining the electron-hole pair, known as an exciton, which forms due to
the Coulombic interaction between an electron in the CB and a hole in the VB. The
size of the exciton is described by its Bohr radius, which is determined by the effective
masses of the electron and hole and varies depending on the material. For instance, the
exciton Bohr radius is approximately 5.6 nm for CdSe, while for PbSe, it is 46 nm.52
When the NC size approaches or becomes smaller than the Bohr radius, the exciton
becomes confined within the NC, increasing its energy. As the size of the NC continues
to decrease, the quantum confinement effect intensifies, leading to an expansion of the
bandgap. This degree of confinement is material dependent, as it is linked to the

semiconductor Bohr radius.

30 Jaume Noguera Gomez



2.2.2.2 Shape dependence

Spherical NCs are considered as zero-dimensional (0D) objects, with quantum
confinement occurring in all three dimensions, resulting in a discontinuous density of
states. When the different axes are extended, as in quantum nanorods/nanowires (1D)
or nanosheets (2D) shown in Figure 14b, confinement is reduced, and the density of
states becomes quasi-continuous along the unconfined axis. Though, the electronic
levels are still primarily influenced by the smallest dimension.

NCs exhibit unique optical and electronic properties that are distinct from their
bulk counterparts due to quantum confinement effects. These properties are governed
by the behavior of electrons within the NC and how they interact with energy states at
the nanoscale. As we explore the behavior of these semiconductor NCs, understanding
the mechanisms of electron excitation, recombination, and the role of defects becomes
essential for optimizing their performance in various applications, such as LEDs,
lasers, and solar cells. In the next section, we will delve into the fundamental processes
governing electrons and holes dynamics in semiconductors, focusing on how external
stimuli like photons influence their energy states. We will also discuss the significance
of direct and indirect bandgaps, the impact of radiative and nonradiative
recombination, and the role of trap states in determining the efficiency of nanocrystal-
based devices.

2.2.3 Light interaction in semiconductor NCs.

For a material to conduct electricity, electrons must be able to move through
empty orbitals. In semiconductors, the bandgap separates the filled orbitals in the VB
from the empty ones in the CB. Without external energy, electrons remain in the VB,
unable to move to the CB where they can contribute to electrical conductivity.
However, when a photon with energy greater than the bandgap is absorbed, the
electron can promote to the CB, leaving behind a "hole" in the VB. This process,
known as photon excitation, creates an exciton (electron-hole pair).®® The electron can
move freely through the CB, while the hole behaves like a positively charged particle
moving through the VB. In semiconductors with a direct bandgap like perovskites, the
electron and hole have matching momenta, allowing efficient photon absorption and

emission. In contrast, indirect bandgap materials, like silicon, require a phonon to
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assist in the excitation process, making the whole process less efficient. The key
phenomena related to the interaction of semiconductors with photons include: photon
absorption, electron excitation, and recombination processes. The interaction between
light and semiconductor materials is fundamental to defining their optoelectronic

properties.
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Figure 15. Diagram illustrating light interactions in semiconductor materials,
showcasing: (a) the process of light absorption, (b) spontaneous emission, (c) defect-
mediated recombination, and (d) Auger recombination.

When photons with energy equal to or greater than the material's bandgap strike
the semiconductor, electrons are excited from the valence band to the conduction band,
leaving behind holes and generating excitons (see Figure 15a). This process is critical
in devices such as PV and photodetectors, where the efficient generation of charge
carriers is necessary for energy conversion or detection. The efficiency of light
absorption depends on the material's absorption coefficient and the energy of the
incident photons. Following this excitation, radiative recombination occurs when
electrons and holes recombine, resulting in the emission of a photon. This process,
known as spontaneous emission (Figure 15b), is central to the operation of devices like
LEDs and lasers, where precise control over the emission wavelength is essential for
their functionality. The rate of spontaneous emission is influenced by several factors,
including the density of states and the electronic structure of the material, both of
which determine the probability of radiative transitions and the efficiency of the
emission process. In the context of non-radiative recombination processes, two key
mechanisms significantly impact the performance of semiconductor devices: defect-

mediated recombination and Auger recombination Figure 15c¢ and Figure 15d,
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respectively. Defect-mediated recombination occurs when imperfections, such as
impurities or crystallographic defects, introduce localized energy states within the
bandgap.®* These defects trap charge carriers (electrons or holes), facilitating their
recombination without photon emission, dissipating energy as heat. This non-radiative
pathway detrimentally affects carrier lifetimes and device efficiency, particularly in
materials with high defect densities or insufficient surface passivation. Meanwhile,
Auger recombination represents another non-radiative process in which the energy
released from electron-hole recombination is transferred to a third carrier (electron or
hole), which is subsequently excited to a higher energy state rather than emitting a
photon. Auger recombination leads to efficiency losses, often observed as “efficiency

drop" in LEDs, by reducing the number of radiative recombination events. 42

Perovskite semiconductor materials, known for their high defect tolerance and
superior optoelectronic properties (above discussed), are promising candidates for
reducing non-radiative losses.% As a result of this, current research efforts are being
devoted to addressing interface-related challenges by refining the composition and
structure of transport layers, as well as implementing effective surface defect
passivation strategies.®® These advancements aim to mitigate non-radiative losses and
improve the overall performance and longevity of perovskite-based optoelectronic

devices.

Given that a significant portion of this Thesis is dedicated to investigating the
emission properties of PNCs it is essential to thoroughly examine the concept of
photoluminescence quantum vyield (PLQY). Understanding PLQY is critical for
analyzing the efficiency of light emission and thus comparing the rates of radiative and

non-radiative pathways in these materials.

2.2.3.1 Photoluminescence Quantum Yield (PLQY)

PLQY is a key figure of merit used to assess the efficiency of light emission in
semiconductor materials, particularly those employed in optoelectronic applications
such as LEDs, lasers, and PSCs. PLQY reflects the material’s ability to convert
absorbed photons into emitted photons and is directly linked to its optical performance.
In high-efficiency materials achieving a high PLQY is critical, as it signals minimal

energy loss through non-radiative recombination pathways.
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PLQY is formally defined as the ratio of the number of photons emitted to the number
of photons absorbed by a material (see Equation 4). In an ideal scenario, a PLQY of
100% indicates that all absorbed photons result in the emission of photons, meaning

that the material has no non-radiative losses.

Number of emitted photons

PLQY =
@ Number of absorbed photons 4

However, in real-world materials, non-radiative processes such as defect-mediated
recombination and Auger recombination reduce the PLQY, limiting the efficiency of
devices. The quantum yield can also be expressed in terms of the radiative (kr) and
non-radiative (knr) recombination rates (Equation 5).
k
PLQY = s °

When non-radiative recombination dominates (knr >> kr), the PLQY approaches
zero, whereas materials with a large radiative recombination rate relative to non-
radiative processes will have a high PLQY, indicating efficient photon emission.

Several factors influence the PLQY of a semiconductor material, including:

o Material Purity: Defects in the crystal lattice, such as vacancies or interstitial
impurities, create trap states that facilitate non-radiative recombination,
thereby reducing PLQY.

«  Surface Passivation: Unpassivated surfaces introduce trap states, especially
in nanocrystals where surface-to-volume ratios are high. Efficient surface

passivation can significantly reduce these non-radiative losses.

o Exciton Binding Energy: Materials with high exciton binding energy tend
to exhibit higher PLQY due to a lower likelihood of carrier separation before

radiative recombination occurs.

o Environmental Conditions: External factors, such as temperature and
humidity, can influence PLQY. For instance, in perovskite materials the
continuous exposure to moisture can lead to degradation, thereby decreasing
the PLQY.

Thus, the PLQY of semiconductor materials serves as a crucial parameter for
determining their efficiency in converting absorbed light into emitted light. It is
influenced by both intrinsic material properties and external factors, and achieving a
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high PLQY is essential for optimizing the performance of optoelectronic devices. In
PNCs, which have shown promise in various applications, achieving a high PLQY has
been a key area of research. Perovskites typically exhibit strong light absorption and
can attain high PLQY values through careful control of synthesis conditions,
compositional tuning, and surface passivation techniques.®® This significant strides in

enhancing PLQY have led to their growing adoption in high-efficiency applications.

2.2.4 Synthesis of PNCs

In this section of the chapter, we will review the main synthetic routes for the
preparation of semiconductor NCs, focusing on how these methods allow for precise
control over their size, shape, and optoelectronic properties. To fully grasp the field of
PNCs, it is essential to first understand the concept of colloidal NCs, as this forms the

foundation for exploring various synthesis methods and approaches.

"Colloidal" refers to particles that are dispersed in a solvent, forming a stable
suspension. In the context of NCs, colloidal systems are highly valued because they
allow for precise control over particle size and surface chemistry, leading to stable,
uniform nanomaterials that can be easily processed in liquid form, making them ideal
for scalable applications in optoelectronics and nanotechnology.®®> Commonly,
colloidal semiconductor NCs (usually called Quantum Dots) consist of a nanosized
inorganic semiconducting core surrounded by an organic ligand shell. This outer shell
ensures colloidal stability (avoiding merging), surface passivation, and aids in
controlling the size and shape of NCs during their growth.%” The inorganic core is often
composed of materials like CdE, PbE, or CsPbXs (where E =S, Se, Te and X = Cl, Br,
I). More complex structures, such as hetero-NCs, feature multiple semiconductor
domains. These NCs, even often depicted as spheres or cubes, are typically truncated
with facets to reduce surface energy. A compact overview of NCs ligand binding

motifs and the main ligand binding reactions to the surface are presented in Figure 16.
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Figure 16. NCs Ligand (a) binding motifs and (b) surface exchange reactions using the
L, X, Z formalism. Adapted from Ref®,

The hot-injection method, the most widely used technique for synthesizing NCs,
was first introduced by Murray et al. who demonstrated the decomposition of
molecular precursors in high-temperature organic solvents.>® This method involves
rapidly injecting precursors into a hot solvent, where they decompose and release
atomic monomers (the building blocks of the NCs). The rapid release of monomers
creates a high degree of supersaturation, driving the growth of nanocrystals. This
technique offers the advantage of a tunable reaction environment, allowing to adjust
the temperature and composition of the solvent to control the kinetics of nanocrystal
growth.%® In organic solvents, the temperature and solvent composition play critical
roles in determining the size, shape, and crystalline phase of the nanocrystals. For
example, semiconductor NCs such as CdTe can be synthesized in different crystalline
phases, such as the hexagonal wurtzite phase at higher temperatures or the cubic zinc
blende phase under carefully controlled reaction conditions.”® The solvent in these
reactions serves two primary functions: solubilizing and dispersing the reactants and
nanocrystals, and controlling the reaction rate. This is achieved by solvent molecules
dynamically binding and unbinding from the surface of the growing nanocrystals.
When a solvent molecule detaches from the nanocrystal surface, new monomers can
incorporate, allowing the crystal to grow.”>"2 These solvent molecules, often referred
to as surface ligands, play an important role in determining the growth dynamics of
the nanocrystals. Surface ligands typically consist of a non-polar domain, often a long

alkyl chain, and a polar head group (see Figure 16). The non-polar domain influences
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the diffusion properties of the molecules, while the polar head group affects the
binding strength to the nanocrystal surface. This balance between diffusion and
binding plays a crucial role in determining the final shape and size of the nanocrystals.
By carefully selecting and controlling the surface ligands, the growth process can be
fine-tuned, making this an essential factor in nanocrystal synthesis.’>"

In more detail, the hot-injection synthesis of nanocrystals consists of three major
steps. Initially, metal and non-metal precursors are complexed with organic ligands at
high temperatures (100-300°C), forming the molecular building blocks for nanocrystal
growth.” Next, one precursor solution is swiftly injected into a hot solution containing
the other precursor, triggering nucleation and the controlled growth of nanocrystals.
Once the desired size is reached, the reaction is stopped by cooling the solution to
room temperature, often using an ice bath or cold solvent. In the final step, the
nanocrystals undergo a critical purification process. This involves centrifugation to
separate them from the reaction mixture, followed by washing with a low-boiling point
solvent, such as toluene or hexane. The nanocrystals are often washed multiple times
to remove residual ligands and high-boiling point solvents, which can hinder the
conductivity of nanocrystal films.” This purification ensures that the nanocrystals are
suitable for integration into devices like solar cells and LEDs.

Nevertheless, the intrinsic instability of colloidal NCs under environmental
factors such as oxygen, UV light, temperature, and moisture, coupled with the
complexity and multi-step nature of conventional synthetic routes, still represents a
critical bottleneck that jeopardizes their practical application. Therefore, the
development of more efficient and robust synthesis methods becomes essential to

enhance their viability for real-world applications.

2.2.4.1 Beyond the hot injection method.

While the hot-injection method has been extensively discussed, it is important
to note that NCs can be synthesized using a variety of other approaches, each
depending on the materials and reaction environment involved. These methods are
typically classified into "top-down" and "bottom-up" strategies. Top-down approaches
involve breaking down larger solids, either mechanically, as in ball-milling with
surfactants, or chemically, as in chemical exfoliation. In contrast, bottom-up methods
start with individual molecules or ions, which are then assembled through chemical

reactions in either the gas or liquid phase. Among these, liquid-phase synthesis has
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emerged as one of the most effective bottom-up techniques for producing highly
controlled colloidal MHP NCs. A comprehensive overview of the main synthetic

routes, including both top-down and bottom-up methods, is provided in Table 2.
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Table 2. Main synthetic routes of PNCs.

Synthetic Reaction . .
Route Solvent Type  Temperature Time (scale) Size/Shape Control Yield Key Features Ref.
I Non-polar . Rapid injection of precursors into hot solvent
Hot Injection P o . Good control over size and , pid-iny prec . s
organic solvents ~ 100-300°C min High leads to fast nucleation; tunable size by
Method shape . .
and OAm controlling temperature and time
. High-pressure reaction in sealed vessels enables
Solvothermal Organic solvents o Moderate control (mostly Moderate I : . EmE
80-180°C hours . growth of larger crystals; good for anisotropic :
Method (OA, ODE) shape) to high
shapes (nanorods, nanoplatelets)
Ligand- . . . .

. . __ . Rapi recipitation in nti-solvent,
Assisted Anti-solvent Room , Limited control (mainly , .ap(_ll precipriatio b¥ adding ~anti-solve 59
. min . High yielding uniform small-sized NCs; often used for

Reprecipitation (toluene) temperature size)
CsPbXs NCs
(LARP)
Microwave- Non-polar . . . . B
. . o . Moderate control over size . Microwave heating accelerates reaction Kinetics  ,
Assisted Organic solvents  100-150°C min and shape High and imoroves vield
Synthesis and OAm P P y
. Non-polar . . . . .
Ultrasonic . Room . Moderate control oversize, Ultrasonic waves provide energy input, resulting 5
: Organic solvents min . Moderate . : ; .
Synthesis temperature limited shape control in rapid nucleation; mostly spherical NCs
and OAm
Mixed organic Low . . .
Reverse . Nanocrystals form in microemulsion droplets, .
. . solvents (DMF temperature hours Good control over size Moderate . L
Microemulsion providing precise size and shape control
and hexane) <130°C
Non-polar . Top-down method; bulk perovskite material i
Wet-Ball on-pola Room o High to op d0. ethod; bulk perovskite material is .
- Organic solvents hours Limited control mechanically ground to produce nanocrystals;
Milling temperature Moderate . .
and OAm leads to irregular shapes and sizes
Top-down method; bulk perovskite layered
. Room Moderate control (layer Low to P ; < Ppero y -
Exfoliation Acetone hours . materials are exfoliated into thinner layers or
temperature thickness) moderate

nanocrystals; well-suited for 2D materials
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2.2.5 New approaches: Nanocomposites

Despite the significant progress achieved using current synthetic approaches for
PNCs, single-phase perovskites continue to face challenges in terms of stability and
performance.®? The stability and performance of colloidal QDs depend heavily on
surface-protecting ligands, which often form weak ionic bonds that degrade upon film
integration, negatively affecting photoluminescence (PL) and stability.838 To
overcome these limitations, an emerging research direction is the development of
perovskite-based nanocomposites, which provide a versatile platform for tailoring
material properties to meet diverse functional requirements.®? Nanocomposite-based
materials typically consist of perovskite components integrated with other substances
and can adopt various structural forms, including core/shell and non-core/shell
configurations.® Hybrid nanocomposites can be synthesized by combining different
perovskite compositions or by integrating perovskites with other materials, creating
intimate connections between phases .86 As with perovskite NCs, the synthesis of
perovskite nanocomposites can follow both top-down and bottom-up routes, including
sol—gel synthesis, hydrothermal methods, hot injection, ligand-assisted reprecipitation
(LARP), solid-state reactions, flame spray pyrolysis, chemical vapor deposition
(CVD), and spin coating.3® These approaches allow to produce various nanocomposite
structures, either through simultaneous synthesis (in situ) or through separate post-

processing steps.

In recent years, research in the synthesis of composite-based PNCs within
matrixes/scaffolds has expanded significantly, with various groups exploring the
potential of this method to enhance their stability and performance. These techniques
have emerged as a promising alternative to ligand-mediated methods for synthesizing
PNCs. In 2016 Dirin et al., introduced the synthesis of PNCs within mesoporous SiO-,
utilizing precisely defined pore geometries to control the crystal size and shape. This
method was shown to be versatile, accommodating different cations (MA, FA, Cs) and
halide anions (Br, 1), resulting in tunable photoemission shifts.8” A related study of
Malgras et al., synthesized mixed halide PNCs, adjusting their size (from 3.3 to 7.1
nm) based on the pore dimensions of the SiO- template.® While these approaches offer
precise control over nanocrystal size and improved stability, their granular form limits
their integration into optoelectronic devices, which require laminar materials with high

optical quality to minimize light scattering. By leveraging porous scaffolds, different
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works have been able to prove their potential in optoelectronic applications and
sensing.8°! Although conventional PNC synthesis methods have laid the foundation
for advancements in the field, the development of nanocomposites offers a novel and
less-explored path with the potential to significantly enhance the performance and
stability of perovskite-based materials. Continued research into optimizing these
hybrid structures may lead to breakthroughs that improve the stability and applicability

of perovskite nanocomposites in a wide range of real-world applications.

In this line, the results presented in Chapters 4, 5 and 6 of this Thesis, are based
on an in-situ nanocomposite-based approach. Unlike colloidal synthesis, which
requires the use of structuring agents, this method controls the size and shape of the
nanocrystals through the growth and confinement within a metal-organic matrix. This
approach offers several key advantages. First, PNCs grow directly within the matrix,
bypassing complex and additional purification processes. As a result, issues such as
self-aggregation, which typically occur due to ligand detachment during washing and
deposition, are avoided. Particularly the NCs synthetic method described in this
Thesis, the dynamics of the crystallization of the PNCs can be controlled. Furthermore,
the matrixes can be tailored in terms of their chemical composition and therefore the
growing rate of the NCs, offering a flexible platform for optimizing the properties of
PNCs for various applications. This synthesis approach, therefore, represents a

significant advancement in the field of nanomaterials.

The next section delves into the fundamental principles and key characteristics

of PSCs, providing an overview of the most widely utilized fabrication techniques.

2.3 MHP SOLAR CELLS

In the previous sections, we introduced MHPs, their structural and optoelectronic
properties, followed by a discussion of nanocrystals and their relevance in modern
materials science. In this section, we shift the focus toward solar cells, specifically

exploring how these materials can be integrated into PV devices.

A solar cell, or PV cell, is an electronic device that converts light energy directly
into electrical power through the PV effect. Currently, silicon-based solar cells (first-
generation PV) dominate the market due to their continuous advancements in power
conversion efficiency (PCE) and decreasing fabrication costs over the past four

decades.®? In many regions, they have achieved cost parity with traditional electricity
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generation from fossil fuels.®* However, newer solar cell technologies offer the
promise of reduced material consumption and manufacturing costs, and improve large-
area production.®* These include thin-film solar cells, such as those based on CdTe,
CIGS or amorphous silicon (second-generation PV) and solution-processed devices
using organic semiconductors, hybrid composites, and inorganic semiconductors
(third-generation PV). Second-generation PVs, though promising, have a significant
drawback when considering large-scale deployment, as some of the active materials
contain rare elements like tellurium and indium.®® In contrast, third-generation PV
technologies have gained substantial interest in recent years due to their potential for
high efficiency and cost-effective production, as we have been repeatedly mentioning
in the different sections of this current chapter.®® Because of this, remarkable
improvements in their efficiency, reproducibility, and stability have been achieved

recently.

The next sections aim to establish the principles of solar energy conversion as it

will serve for the description of the results from Chapter 7 of this Thesis.

2.3.1 The solar spectrum and Schockley-Queisser limit

The solar spectrum covers wavelengths from 280 to 4000 nm, with total
irradiance at the Earth's surface influenced by the path length through the atmosphere,
which is determined by the sun's position relative to the Earth's surface. Atmospheric
filtering affects solar irradiance on Earth, scattering shorter wavelengths like blue light
and absorbing certain wavelengths, particularly in the infrared range due to gases like
CO: and water vapor. The path is quantified using the air mass (AM) coefficient, with
AML1 indicating sunlight directly overhead. To standardize energy conversion
processes, reference spectra are used: AMO for extraterrestrial solar radiation and
AML1.5G for sunlight passing through 1.5 times the atmospheric mass at a 48.19° angle
(see Figure 17a). These standardized spectra are defined by the American Society for
Testing and Materials (ASTM), with the AMO spectrum derived from ASTM E-490
and AM1.5G from ASTM G173.%” The irradiance spectra for AM 0, AM 1.5D, AM
1.5G, and a black body with a surface temperature of 6000 K (representing the Sun)
are presented in Figure 17b.
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For terrestrial semiconductor-based solar cells that interact with incoming
sunlight, the Shockley-Queisser limit (Shockley and Queisser, 1961) is a key
consideration.?® This limit represents the maximum theoretical efficiency for a solar
cell with a single-bandgap semiconductor, accounting for intrinsic physical losses but
excluding extrinsic factors like resistive losses, reflection, or transmission. For these
calculations, only unavoidable intrinsic losses are considered, such as thermalization,
where photogenerated electron-hole pairs are collected at a lower energy than the
incoming photons. Additionally, photons with energies below the bandgap are not
absorbed. Based on approximations of the sun as a black body and refined with the
AML.5 solar spectrum, the Shockley-Queisser limit estimates the maximum efficiency
for a single-gap solar cell at around 33% under standard conditions (AM1.5G), with
optimal bandgap values between 1.1 and 1.6 eV.%® Higher concentration factors can
slightly increase this efficiency, but unavoidable radiative recombination and

thermalization prevent cells from exceeding these fundamental limits.
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Figure 17. (a) A schematic illustration of the spectral irradiance outside Earth's
atmosphere (AMO) is presented, alongside the irradiance on Earth's surface for direct
sunlight (AM1.5D, solid arrow). Additionally, the figure shows the contribution from
both direct sunlight and scattered atmospheric light (AM1.5G), represented by solid
and dashed arrows, integrated over a hemisphere. (b) The spectral irradiance data from
ASTM G173-03 is compared with the black body spectrum at a temperature of 6000
K, which was used in the Shockley-Queisser efficiency model. (c) The record
efficiency of solar cells made from various materials is plotted against their respective
bandgap, in comparison to the Shockley-Queisser limit (top solid line). Open symbols
represent the record efficiencies as of April 2016, while solid symbols depict the
updated efficiencies as of July 2020. (a,b) Reproduced from Ref'® and (c)
Reproduced from Ref®°,
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2.3.2 PSCs state of the art and device configurations

In the section 2.1.4 of this chapter we have introduced the main properties of
MHP materials. Besides those, these materials exhibit low formation energy and high
thermal expansion coefficients.'®®  The low formation energy enables the
crystallization of MHP thin films through low-temperature deposition techniques,
presenting both challenges and opportunities depending on the chosen synthetic
route.®* The optoelectronic properties of MHP films are highly dependent on the
crystalline structure and microstructure of the film,%? with grain size playing a crucial
role both in terms of stability and performance of PSCs.!® The phase purity of
perovskite films is another critical factor. For example, secondary phases of the
crystalline material can form, leading to the development of mixed grain structures
when multicomponent perovskites are used.'® While this sometimes being beneficial
as passivating defects, it can also act as trap states for photoexcited carriers, promoting

non-radiative recombination and accelerating degradation.'®

Hybrid organic-inorganic and all-inorganic MHP PSCs represent a key
component of third-generation PV technologies. As discussed earlier in this chapter
(see in Figure 7), PSCs have made significant strides, with single-junction devices now
achieving efficiencies up to 26.7%. This makes PSCs the most efficient among
emerging PV technologies, rivaling the highest efficiencies reported for silicon-based
PV technologies.?® A review of the NREL’s best research cell efficiency chart clearly
demonstrates the significant advancements in perovskite-based technologies over the
past decade, establishing perovskites as a promising material in the field of PV. Not
only that but the integration of perovskites in tandem perovskite devices or with silicon
PV technologies has achieved remarkable efficiencies, reaching up to 29.1 and 34.6%,

respectively, as of the time of writing these lines (see Figure 18).
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Figure 18. The progression of the highest PCE for single-junction PSCs, perovskite
tandem cells, and monolithic two-terminal perovskite-silicon tandem solar cells from
2012 to 2024, along with key institutions driving these advancements.

A typical architecture of a single-junction planar PSC consists of, at least, five
layers: a transparent electrode usually transparent conductive oxides (TCO), an
electron transport layer (ETL), a perovskite layer, a hole transport layer (HTL), and a
metal electrode. Based on their architectural configuration, the two primary categories
of device architectures are classified as n-i-p and p-i-n, as illustrated in the schematic
presented in Figure 19. The energy levels of the ETL and HTL are carefully chosen to
match the CB and VB bands of the perovskite material, ensuring efficient extraction
of photogenerated electrons and holes, which is critical for sustaining the PV effect
(see detailed energy band levels of HTLs, ETLs, and typical perovskite composition
in Figure 19). Factors such as non-radiative recombination at the interfaces of the
perovskite and the charge transport layers (CTLs) directly affect the device's overall

performance, including short circuit current density and fill factor.
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Figure 19. The left section of the image shows a schematic representation of p-i-n and
n-i-p perovskite solar cell (PSC) configurations, while the right section highlights
commonly used CTLs: HTLs and ETLs, and typical perovskite compositions along
their corresponding energy band levels. Adapted from Ref%,

Understanding the role of charge-selective contacts and their impact on charge
extraction is fundamental for optimizing PSCs performance. In the following section,
we will delve into the key parameters, governing solar cells efficiency, that are

monitored when evaluating their performance.

2.3.3 Device Characterizations in Solar Cells

In the characterization of solar cell devices, a thorough understanding of the
operational parameters is essential for evaluating performance under illumination. Key
aspects include the behavior of photogenerated charge carriers, recombination
dynamics, and the influence of voltage on current generation. Under illumination,
excess electrons and holes accumulate in the CB and VB, respectively, leading to the
formation of separate quasi-Fermi levels. By controlling the voltage (V) across the
solar cell contacts, the balance between photogenerated carriers and recombination
events can be adjusted, directly affecting the output current. At open circuit (OC)
conditions, no external current is extracted, and the recombination rate of carriers
equals the rate of photogeneration, establishing the OC voltage Voc, a fundamental
indicator of device performance. Under applied voltage (V < Voc), the solar cell
generates photocurrent, with the net current representing the differential between the
photocurrent jph, recombination current jrec, and dark current jo (Equation 6). The
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resulting current-voltage (j—V) characteristic reflects the device’s response under

illumination.

j:jph_jrec+j0 6

The PCE of a PV device quantifies its maximum power output relative to the
incident AM 1.5G solar spectrum (1-Sun illumination at 100 mW/cm?), measured
under simulated conditions at 25°C. This efficiency can be derived from current
density-voltage (j-V) scans taken under 1-Sun conditions, where current density j is
expressed in mA/cmz2. Key parameters extracted from the j-V curve include the short-
circuit (SC) current density, jsc, (current density at zero voltage), Voc, and the fill
factor (FF)°, which characterizes the curve’s shape. The maximum power point
(MPP), defined by the product JuprxVwmep, indicates the optimal operating condition
for power output. For calculating the PCE, the formula PCE (%) = JscxVocxFF/100
Is applied, and FF itself is determined as JwppxVwmpp / JscxVoc,. Additionally, a j-V
curve measured in dark conditions, known as a dark j-V curve, reveals key information
about the series resistance (Rs), shunt resistance (Rsh), and reverse saturation current
density, typically with j shown on a logarithmic. Rs reflects the resistance that charge
carriers encounter in route to the external circuit mainly from the resistances of the
CTLs, interfaces, and electrodes. Rsh indicates the resistance to leakage current within
the device, influenced by electronic defects and the internal electric field across the
contacts. A high Rsh and low Rs are desirable for efficient PV performance. Together,
these parameters (depicted in Figure 20), allow comprehensive analysis of solar cell
performance, from energy conversion efficiency to current-voltage behavior under

standard testing conditions.

® A representation of the curve’s ‘squareness’
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Figure 20. Diagram of j-V curves for solar cells under (a) simulated 1-Sun illumination
and dark conditions. The illuminated curve (solid blue line) shows key parameters
including jsc, Voc, FF. The fill factor (FF) is the ratio of the areas of the blue and grey
areas. (b) The electrical power output of the solar cell as a function of voltage,
normalized to a light intensity of 100 mW/cm? (equivalent to 1 sun). The MPP is
indicated.

Beyond the conventional PV paramaters discussed above, analyzing hysteresis
offers valuable insights into the performance characteristics of solar cells, particularly
in MHP-based devices. Hysteresis in j-V curves occurs when the forward and reverse
voltage scans (from low to high and high to low, respectively) do not produce identical
results (see Figure 21a). Factors contributing to hysteresis in PSCs include absorber
layer quality, device configuration, CTL materials, and scan parameters like range and
rate. Hysteresis affects the FF and Voc and is quantified by the hysteresis index (HI),
calculated as HI= PCErs + PCErs / PCErs , where PCErs and PCErs are the

efficiencies in reverse and forward scans, respectively.
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Figure 21. (a) Schematic representation of a j-V curve under 1-Sun illumination
highlighting the Forward and Reverse scans (FS and RS, respectively). (b) MPP
tracking, defined as the power output density (normalized PCE) of the PSCs vs. time.

Significant hysteresis in j-V curves complicates accurate PCE measurement and
the determination of a PSC’s maximum power output. Prolonged light exposure can
elevate mobile ion concentration in the perovskite, reducing jsc and the PCE; thus,
MPP tracking is used for reliable power output determination (see Figure 21b). It also
serves as an effective tool for assessing stability, particularly within standardized aging
protocols to enable consistent data comparison across the PV research community.

2.3.4 Synthetic pathways for preparing PSCs

The synthesis of PSCs is critical to determining their scalability, efficiency and
stability. In this section an overview of the wide variety of methods available is
provided. The most prominent solution-based and physical deposition techniques are
compared, each offering unique benefits and limitations in terms of film quality,
manufacturing complexity, and cost. It is important to note that PSC fabrication
encompasses not only the preparation and crystallization of the perovskite absorber
layer but also the fabrication of the complete device stack, including the charge

transport layers (CTLs) as well as the bottom and top electrodes.

2.3.4.1 Solution-Based Techniques

Solution-based methods are the most widely used for PSC fabrication due to
their simplicity, lower cost, and compatibility with flexible substrates. Among them
spin-coating, doctor blade coating, and slot-die coating are the most common ones,
each exploiting the characteristics of solution-based processes to form high-quality

perovskite layers.
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Spin-coating is a popular choice for lab-scale fabrication of PSCs, wherein a
perovskite precursor solution is deposited onto a substrate and then rapidly rotated to
spread and thin the solution across the surface. This process leads to uniform thin films,
critical for achieving high device efficiencies. The rapid drying nature of spin coating
promotes crystal formation, resulting in dense, high-quality films with minimal
pinholes. However, scaling up this method presents significant challenges, particularly
in maintaining film uniformity over large areas, which is crucial for consistent device
performance.'%” Spin coating is also sensitive to environmental conditions (humidity
and temperature), which can impact film quality and reproducibility. Alternatively,
Doctor blade coating is a simple, low-cost, scalable and versatile method for large-
area applications, which makes it attractive for industrial processes. This method
involves spreading the perovskite precursor solution across the substrate using a blade
to achieve a controlled film thickness. In a similar way, Slot-die coating is a scalable
deposition technique widely used for fabricating thin films in PSCs and other
optoelectronic devices. In this method, a controlled amount of precursor solution is
dispensed through a narrow slot onto a substrate, producing a uniform layer as the
substrate moves beneath the slot. Slot-die coating offers excellent control over film
thickness and material usage, making it highly efficient with minimal waste. Its
compatibility with roll-to-roll processing makes it ideal for large-area applications and
continuous manufacturing.®® This technique also allows for the fine-tuning of coating
parameters (such as flow rate, substrate speed, and solution concentration), enabling
high-quality film formation.1®

In short, solution-based techniques are advantageous for their low setup costs,
ease of application, and compatibility with flexible substrates. However, challenges
arise in scalability, uniform film thickness, and sensitivity to environmental
conditions.!® The simplicity of solution-based processing comes with trade-offs in

terms of film consistency and quality, which are essential for high-efficiency devices.

2.3.4.2 Physical Vapor Deposition Techniques

The current most used Physical Vapor Deposition Techniques for the preparation
of PSCs are pulsed laser deposition (PLD) and thermal evaporation (TE) each offering
distinct advantages in terms of film quality, scalability, and cost-effectiveness.!* Up

to the present, TE stands out as the most widespread technique for the deposition of
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perovskite layers. In the TE process, perovskite materials are deposited onto a substrate
by heating precursor compounds under vacuum conditions. TE can be broadly
classified into three approaches for PSCs: single-source evaporation, co-evaporation,
and sequential evaporation. TE is a promising scalable approach for the fabrication of
PSCs, offering unique benefits in terms of process control, material efficiency, and
making it particularly advantageous for large-scale production.!’® The process is
environmentally favorable, as it eliminates the need for toxic solvents like DMF or
DMSO, thereby reducing both environmental and safety risks. Moreover, TE’s
widespread use in the electronic and optoelectronic industries facilitates the integration
of PSCs production into existing manufacturing lines, a crucial factor for scaling from
lab-scale cells to commercially viable modules.'!? Despite these benefits, TE also has
limitations. The need for vacuum conditions adds complexity and increases
operational costs, which may restrict its accessibility in some settings.!3 Additionally,
the thermal stability of organic perovskite components must be carefully managed, as
they can degrade at high temperatures. For multi-layer PSCs, TE can be labor-
intensive, especially in sequential evaporation processes where each layer requires
precise control over deposition parameters which results in high time-consuming
fabrication steps. Nonetheless, recent advancements have demonstrated TE’s
effectiveness in creating high-performance, large-area PSCs with PCEs that are
competitive with solution-processed cells.*'? Efficient mini modules with active areas
spanning several square centimeters have been achieved, and ongoing research is
focused on enhancing TE parameters to improve film crystallinity, reduce defect
densities, curb evaporation times and increase PSC stability. Continued advancements
addressing current limitations will be crucial to realizing TE’s full potential in the

commercial scaling of perovskite solar technology.

Over a period of fifteen years into perovskite PV research, spin-coating, and
solution-based processing more broadly, continues to be the predominant method for
PSC fabrication. For instance, as of the time of writing, making a query on various
deposition techniques for the most common perovskite compositions (see Error! R
eference source not found.) in the database created by Jacobsson, Unger, and
colleagues®* listed 26,029 devices. From those, 25,165 of the devices were fabricated

exclusively using spin-coating techniques.
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. Evolution of perovskite solar cell efficiencies in relation to deposition techniques for

the perovskite layer and most common perovskite compositions in device
architectures. The left panel shows PCE progression over time, while the right panel
presents a histogram-style distribution of PCE, both comparing the perovskite
deposition techniques. Data are sourced from the open-access database referenced in
Ref.114,

In Chapter 7 of this Thesis focused on PSC fabrication, spin-coating is the
primary technique employed. While spin-coating is ideal for creating small-area
devices and for investigating the properties of perovskite materials on a small scale,
working with ink-based precursors allows these formulations to be readily adapted
across various solution-processing techniques and substrates. The choice to use
solution-based methods in this Thesis highlights their inherent versatility, offering a
promising pathway for scaling up to large-area production and broadening the

potential for industrial processes and applications.

The following chapter focuses on providing an overview of the synthetic and
characterization methods that have been used throughout this dissertation to analyze

the properties of the designed materials.
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Chapter 3: Methods and Characterization
Techniques

“If you wish to make an apple pie from scratch, you must first invent the

universe.”

Carl Sagan, Cosmos

This chapter provides an overview of the key fabrication methods and
characterization techniques developed and employed throughout this Thesis. Rather
than offering an exhaustive review of the techniques, it is intended to serve as a
practical toolbox for identifying the principal techniques commonly applied in

synthesis, analysis, and study of perovskite-based materials.

Chapter 3: Methods and Characterization Techniques 53






3.1 FABRICATION STEPS

Throughout the investigations described here all along, the novel materials were
prepared using solution-processed deposition techniques. In the forthcoming chapters,
the primary experimental results are obtained through fabrication processes conducted
under standard laboratory conditions using conventional instrumentation. However,
the inherent instability against moisture and oxygen of MHP materials presents
significant challenges for their synthesis and characterization. Consequently, the next
subsection will discuss the critical role of a nitrogen-filled glovebox in enabling the
controlled preparation and handling of these sensitive materials.

3.1.1 Glovebox

A glovebox is a sealed enclosure that allows for the handling of sensitive
materials in a controlled atmosphere, isolated from undesired agents such as oxygen,
moisture, nitrogen and particulates. In PSC fabrication, gloveboxes are essential
because tin-based and MHPs are highly sensitive to moisture and oxygen, which can
rapidly degrade their material properties and performance. Within the glovebox, an
inert atmosphere is maintained, often using nitrogen or argon to eliminate oxygen and
moisture. This environment prevents any adverse reactions that could impair the
quality of the perovskite films or precursor solutions. Heavy-duty gloves are attached
to the walls of the box, allowing researchers to manipulate materials directly without
compromising the isolated environment. Additionally, ports equipped with vacuum
antechambers serve as entry and exit points, ensuring that materials can be safely
transferred without contaminating the internal atmosphere (see Figure 22). The
glovebox features a gas purification system that continuously filters and recirculates
the inert gas, maintaining ultra-low levels of oxygen and moisture. Pressure control is
also crucial; by maintaining a slight positive pressure relative to the external
environment, the glovebox minimizes the risk of contaminants leaking inside. The
glovebox environment is thus indispensable for multiple stages in PSC fabrication. It
allows for the preparation of precursor solutions without unwanted reactions with
moisture, which could lead to poor crystallinity, phase segregation or degradation.
During thin film deposition and device assembly, the high-purity environment
provided by the glovebox ensures consistent film quality, aiding in reproducible device
performance. In the facilities where this Thesis research was conducted, the glovebox

system includes an integrated evaporator. This setup enables the deposition of various
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CTLs and electrodes at high-vacuum and under N2 controlled conditions, as detailed
in Chapter 7.
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Figure 22. ABXsLab glovebox set-up for the fabrication of MHPs. The evaporator is
located right behind the main antechamber (left side of the picture).

3.1.2 Spin-coating

The main features of solution-based materials (among many others mentioned
in the previous subsection 2.3.4) are gathered in Table 3.

Table 3. Main features and advantages of solution-processed deposition technigues.

Feature Description

Requires lower energy inputs, reducing production costs versus traditional

Cost-effectiveness ..
vapor deposition.

Supports large-area fabrication, ideal for solar cells, LEDs, and flexible

Sl sy electronics

Adaptation to a wide range of substrates, including flexible and non-rigid
Versatility surfaces, opening the door to innovative applications like wearable
electronics and roll-to-roll manufacturing.

Allows customization using various materials, including organics, hybrids,
Material diversity  and nanomaterials allowing for customizable properties tailored to specific

applications.
Low energy Operates at low temperatures, making it energy-efficient and reducing the
consumption manufacturing footprint
Simplicity of Techniques like screen-printing, roll to roll, and inkjet printing are simple

implementation and fit into existing pipelines.
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Spin coating is a pivotal technique used to fabricate all the materials discussed
throughout this research. However, it presents several challenges, including limitations
related to substrate size. The selection of solvent, coupled with substrate wettability,
plays a crucial role in determining the morphology of the resulting films. Additional
limitations include the reliance on specific solvent evaporation rates, and the potential
for defects due to variations in rotation speed, airborne particles or environmental
conditions such as humidity. In this line, Chapter 5 will explore the crucial influence
of humidity during the deposition process, presenting it as a key factor for investigating

unconventional crystallization mechanisms in PNCs.

Specimen
Chuck =
[ Vel
spinning

Figure 23. Schematics of a spin-coater working mechanism.

For materials such as MHPs, precursor salts are dissolved in organic solvents
typically N,N-dimethylformamide (DMF) or dimethyl sulfoxide (DMSQ) to the target
concentration. To achieve uniformity and eliminate aggregates or undissolved
particles, solutions are filtered prior to deposition. A small volume of solution
(typically a few uL) is then placed on a pre-cleaned and ozone treated substrate and
spin-coated at a certain speed and spinning-time (see the scheme of Figure 23). While
spinning, the solution spreads evenly across the substrate, forming a thin film as the
solvent evaporates. In many cases, including the preparation of PSCs in this Thesis, a
post-deposition annealing step is essential to fully evaporate the solvent and dry the
film. For PSCs, specifically, the annealing step also facilitates the crystallization of the

perovskite precursor solution into a desired crystalline polymorph.
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3.2 MATERIAL CHARACTERIZATION TECHNIQUES

3.2.1 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is an analytical technique widely
employed to study the absorbance and transmission of UV and visible light in
materials. In the UV-Vis region (typically 200-800 nm), this technique reveals
valuable information about electronic transitions in molecules and materials,
especially those with conjugated systems and chromophores. UV-Vis spectroscopy is
extensively used in material science, chemistry, and biology due to its simplicity and

ability to provide quantitative information about analytes in solution or solid form.

The quantitative analysis in UV-Vis spectroscopy is governed by the Lambert-

I
A =log (;) = ecl

o Absorbance (A): A dimensionless quantity that indicates how much light a

Beer law:

sample absorbs. It is defined as A=—log(I/Io), where I is the intensity of light

after passing through the sample and lo is the initial light intensity.

e Molar Absorptivity (¢): This constant depends on the nature of the absorbing
species and the wavelength of light. It indicates how strongly a substance
absorbs light at a particular wavelength and is expressed in units of L-mol

1cm—1

o Concentration (c): The molar concentration of the absorbing species in the

solution, typically in mol/L.

o Path Length (I): The distance the light travels through the sample, usually in

cm. In most cases, standard cuvettes with a path length of 1 cm are used.

This law assumes that the absorbance is directly proportional to concentration
and path length, enabling quantitative measurements. Deviations from the Lambert-
Beer law can occur due to high analyte concentration, instrumental limitations, or
chemical interactions that affect absorbance. The essential components of a UV-Vis

spectrophotometer as depicted in Figure 24, include:

e Light Source: A UV-Vis spectrophotometer typically employs two light

sources: a deuterium lamp for the ultraviolet range (200400 nm) and a
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tungsten-halogen lamp for the visible range (400-800 nm). The system

switches between lamps depending on the selected wavelength range.

e Monochromator: A monochromator separates the light into individual
wavelengths. It consists of a grating or prism that disperses the light,
allowing a specific wavelength to pass through the sample. Adjustable slits
control the bandwidth of the light, and high spectral resolution can be

achieved by narrowing these slits.

o Sample and Reference Holders: Th sample is typically held in a transparent
cuvette made of quartz (for UV measurements) or glass (for visible light
measurements). In this research in particular thin-film materials were

studied on quartz and glass substrates pieces.

o Detector: After passing through the sample, the transmitted light is collected
by a detector, commonly a photomultiplier tube or a photodiode array
(PDA). These detectors convert the light into an electrical signal

proportional to the intensity of the transmitted light.

UV-Vis setup

Mirror

Lamps/ \ Mirror Reference
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Deuterium -‘ ’- Tungsten .-)
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Beam Splitter Specimen

Figure 24. Schematic illustration of the commercial setup used for UV-Vis absorbance
measurements. Adapted from Ref!%®,
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3.2.2 ATR-FTIR
Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)

spectroscopy is an adaptation of traditional FTIR spectroscopy, specifically designed
to analyze the surface of solid and liquid samples with minimal sample preparation. In
ATR-FTIR, infrared light is directed into a high-refractive index crystal in contact with
the sample. This configuration allows for the generation of an evanescent wave at the
crystal-sample interface, enabling the measurement of absorption bands that
correspond to specific molecular vibrations within the sample. ATR-FTIR is widely
used in fields such as materials science, chemistry, and biochemistry for identifying
chemical structures, studying molecular interactions, and characterizing surface
chemistry. FTIR spectroscopy relies on the absorption of infrared light by molecules,
which causes changes in their vibrational states. Each molecule has a characteristic
spectrum of vibrational frequencies, allowing for identification through FTIR. ATR-
FTIR differs from traditional FTIR in that it relies on an evanescent wave rather than
direct transmission of light through the sample, which has several advantages:

o Evanescent Wave Interaction: When IR light enters the ATR crystal at an
angle exceeding the critical angle, it undergoes total internal reflection,
generating an evanescent wave that extends a few microns beyond the
crystal’s surface. This wave interacts with the sample in contact with the
crystal, and the energy absorbed by the sample results in a characteristic

FTIR spectrum.

e Enhanced Surface Sensitivity: Because only the sample surface is required
to interact with the evanescent wave, ATR-FTIR can analyze opaque and
strongly absorbing samples without complex preparation, unlike

transmission FTIR, which requires thin films or dilutions.

An ATR-FTIR spectrometer consists of several critical components (see Figure
25) designed to facilitate infrared absorption measurements and produce high-

resolution spectra:

e IR Light Source: Typically, an infrared source is used to emit a broad
spectrum of IR light covering the mid-infrared range (4000-400 cm™).
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e Interferometer: The interferometer allows the FTIR spectrometer to measure
all IR wavelengths simultaneously, enabling rapid acquisition of spectral
data.

e« ATR Crystal (Internal Reflection Element): The ATR crystal is a high-
refractive index material, commonly made from diamond, zinc selenide
(ZnSe), or germanium, chosen based on chemical stability and desired depth
of penetration. The crystal’s refractive index should be significantly higher
than that of the sample for total internal reflection to occur. The crystal is
mounted to ensure firm contact with the sample, and its geometry, typically

in the form of a trapezoid or prism, ensures multiple internal reflections.

o Detector: Detectors in ATR-FTIR are designed to convert IR radiation into
electrical signals. The choice of detector depends on the required spectral

range and sensitivity.

e Pressure Arm: For solid samples, an adjustable pressure arm is used to
ensure optimal contact between the sample and the ATR crystal, enhancing
the intensity of the evanescent wave interaction and resulting in clearer

spectra.

ATR-FTIR setup

FTIR spectrometer
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E moving mirror E
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Figure 25. Schematic illustration of the commercial setup used for ATR-FTIR
measurements.
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3.2.3 PLQY and Time Resolved Photoluminescence (TRPL)

In the subsection 2.2.3 we have delved in the fundamentals of PLQY and its
importance as a parameter for evaluating the efficiency of luminescent materials such
as QDs. This is extended to semiconductors in general, as PLQY can be used as a
figure of merit to assess the electrical losses of a material. A typical setup for
measuring PLQY (see Figure 26) consists of the following components:

o Excitation Source: A monochromatic light source is used to excite the
sample at a specific wavelength. This can be a continuous wave (CW) laser
or a xenon or LED lamp equipped with filters or a monochromator to select
the excitation wavelength. The chosen excitation wavelength should
correspond to an absorption peak of the material to maximize photon

absorption.

e Integrating Sphere: The core of the PLQY measurement setup is an
integrating sphere, typically made from a reflective material that ensures
that all emitted and scattered light is captured, regardless of direction,
providing a comprehensive measurement of the total emitted and absorbed

photons.

o Detectors: The emitted and reflected light within the integrating sphere is
collected by detectors, typically photomultiplier tubes (PMTs) or
photodiode arrays (PDASs), depending on the sensitivity requirements. A
spectrometer coupled to the detectors can capture the full emission

spectrum, while the total signal intensity is used for PLQY calculations.

To measure PLQY, the process begins with a reference (blank) measurement,
where the intensity of the excitation source is recorded inside the integrating sphere
without the sample. This reference measurement establishes the baseline for
determining the number of incident photons. Next, the sample is introduced into the
integrating sphere and excited at the same wavelength and power, allowing for the
emission spectrum to be recorded. This measurement captures both the emitted light
intensity and any remaining unabsorbed excitation light. As mentioned in the 2.2.3

subsection, the PLQY is then obtained as the ratio of emitted to absorbed photons.
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Figure 26. Schematic illustration of the home-made setup used for PL and PLQY
measurements.

The TRPL measurements are based on the principle of excited-state decay
following an initial excitation pulse. When a material is exposed to a short, high-
intensity pulse of light, electrons are excited from the ground state to higher energy
states. Over time, these electrons return to the ground state through radiative and non-
radiative pathways, releasing photons in the process. The emission intensity decay
follows an exponential or multi-exponential behavior, depending on the recombination
dynamics present in the material. The TRPL decay profile reflects various processes,
such as radiative recombination, trap-assisted recombination, and energy transfer,
allowing researchers to deconvolute the contributions of each mechanism. A typical

setup for measuring TRPL (see Figure 27) includes:

o Excitation Source: The sample is excited by a pulsed light source, typically
a laser, that emits short pulses of high-intensity light. These lasers produce
pulses with well-defined time intervals, allowing for controlled excitation
of the sample and accurate measurement of decay dynamics. The excitation
wavelength is usually selected to match the material’s absorption band,

ensuring efficient photon absorption.
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e Sample Holder and Positioning System: The sample is placed on a holder,
often with options for adjusting the angle and position to optimize light

interaction.

e Detection System (Time-Correlated Single Photon Counting or TCSPC):
The emitted PL is detected by a high-speed detection system. In TCSPC,
each emitted photon is detected and time-stamped relative to the excitation
pulse, building a histogram of photon arrival times to construct the decay

profile.

e  Spectrometer: A monochromator or spectrometer is often placed between
the sample and the detector to select the emission wavelength being
analyzed. This allows for decay analysis at specific emission wavelengths,
providing information on the dynamics of individual transitions within

complex materials.
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Figure 27. Schematic illustration of the setup used for TRPL measurements. Adapted
from Ref!?®,

3.2.4 X-ray Photoelectron Spectroscopy (XPS)
XPS is a surface-sensitive analytical technique used to identify the elemental
composition, chemical state, and electronic structure of a material’s surface. XPS

operates on the photoelectric effect: when a material is irradiated with X-rays, core
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electrons are ejected from surface atoms, and their kinetic energy is measured. The

binding energy of each electron, calculated from the kinetic energy and the known X-

ray photon energy, is characteristic of specific elements and oxidation states, allowing

for detailed chemical analysis. The XPS spectrum plots the number of detected

electrons versus their binding energy, with distinct peaks corresponding to different

elements and chemical states. Surface sensitivity in XPS is of 1-10 nm depth, as only

electrons from the outermost atomic layers escape the sample without energy loss. This

makes XPS especially valuable for characterizing surface chemistry, thin films, and

oxidation states.

A typical XPS setup (see Figure 28) consists of:

X-ray Source: Usually an Al Ka (1486.6 eV) or Mg Ka (1253.6 eV) X-ray

source to irradiate the sample surface, exciting core-level electrons.

Ultra-High Vacuum (UHV) Chamber: The sample is placed in an ultra-high
vacuum environment to prevent interference from air molecules and to

ensure that emitted electrons can travel unimpeded to the detector.

Electron Energy Analyzer: A hemispherical analyzer measures the kinetic
energy of emitted electrons with high resolution, crucial for accurately
determining binding energies and identifying chemical states.

Detector and Data Processing: The analyzer transfers electron data to a
detector, and a computer processes this data, producing a spectrum of
binding energies. Advanced software fits peak profiles, enabling

quantification and chemical state analysis of surface elements.

Chapter 3: Methods and Characterization Techniques 65



XPS setup Hemispherical Analyzer

Monochromator

=

Detector

Electron gun

£
OQU Sin,

Electron beam g
Specimen

X-ray
Anode

Figure 28. Schematic illustration of a XPS setup reviewing its main components and
the working mechanism.

3.2.5 X-ray Diffraction (XRD)

XRD is a powerful technique used to determine the crystallographic structure,
phase composition, and orientation of crystalline materials. XRD operates on the
principle of Bragg's Law, where X-rays directed at a crystal lattice are diffracted by
the atomic planes. When the angle of incidence satisfies the Bragg condition
nA=2dsinb, constructive interference occurs, producing peaks in the diffraction pattern.
These peaks correspond to specific interplanar spacings, allowing for identification of
crystal structures and phases. An XRD pattern displays the intensity of diffracted X-
rays as a function of 20, the angle between the incident and diffracted beams. The

typical instrumentation for surface XRD characterization (see Figure 29) includes:

«  X-ray Source: Typically, a Cu Ko source emitting X-rays at 1.54 A, directed

at the sample to generate diffraction.
e Goniometer: In XRD, there are two main configurations for the goniometer:

o Sample Rotation Configuration: The goniometer is attached to the
sample, rotating it to vary the angle of incidence (0) while the detector

remains fixed or moves along a 20 path.
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o Detector Rotation Configuration (8-26 Scan): In this arrangement, the
sample remains fixed, and the goniometer controls the detector
movement along a 20 arc while simultaneously adjusting the angle of
the incident X-ray beam to maintain the 6-20 relationship. This setup is
also widely used, particularly for thin-film and single-crystal XRD, and

simplifies alignment by keeping the sample stationery.
o Detector: Measures the intensity of diffracted X-rays at different angles,

generating data on the material’s atomic structure.

XRD Setup

X-ray source Detector

o ; e
‘ \slits ; i /:
Incidéﬁt_éb_ti_c_s:- Receiving optics

----------------- -

~
1Specimen;*.
L (N

Figure 29. Schematic illustration of a XRD setup reviewing its main components and
the working mechanism.

3.2.6 Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM)

SEM and TEM are two essential electron microscopy techniques widely used
for imaging and analyzing materials at the nanoscale (Figure 30). Both rely on electron
beams rather than light to provide high-resolution images, but each has unique

capabilities and applications due to differences in operation and sample interaction.

In SEM, a focused electron beam scans the surface of a sample. As electrons

interact with the material, secondary and backscattered electrons are emitted and
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collected to generate detailed surface images. SEM offers information on sample

morphology, topography, and composition with resolutions typically ranging from

nanometers to sub-nanometers, depending on the instrument’s capabilities. TEM, by

contrast, involves transmitting an electron beam through an ultra-thin sample

(typically less than 100 nm thick). Electrons interact with the sample’s internal

structure and emerge to be magnified onto a screen or camera, providing high-

resolution images down to atomic-scale detail. The key instrumentation of both

techniques include:

Electron Source: Both SEM and TEM use an electron gun (e.g., tungsten
filament, LaBs, or field emission gun) to generate the electron beam, with
TEM often requiring higher voltages (100-300 kV) compared to SEM (1-
30 kV) to penetrate the sample.

Lenses and Beam Control: Electromagnetic lenses focus and control the
electron beam in both SEM and TEM, though TEM requires more complex

lens systems to achieve high magnification through sample transmission.

Detectors: SEM uses secondary electron and backscatter detectors to capture
surface details and compositional contrasts. TEM uses detectors such as
fluorescent screens, CCD cameras, or direct electron detectors to capture
transmitted or diffracted electrons, which provide structural and

crystallographic information.
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Figure 30. Schematic illustration of the commercial setups of SEM and TEM
comparing their different components. Adapted from Ref!’.
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Chapter 4: In situ Crystallization Method
for Tunable and Stable
Perovskite Nanoparticle Thin
Films

Chapter 4 details all the results from the study of a novel synthetic approach for
the preparation of PNCs. This in situ PNCs nanocomposite synthesis method could
pave the way for producing large-area optoelectronic devices with enhanced
performance, as well as serve as a foundation for direct band-gap tunability. The
findings presented throughout this chapter are derived from and correspond to those
reported in the peer-reviewed published article: Noguera-Gomez et al., Matter 5, 1—
12, 2022

Everything detailed in this chapter aligns with the established data and

conclusions within the original publication.

ABSTRACT

MHP NCs exhibit remarkable light-emission properties, benefiting from the
broad chemical versatility within this class of materials. However, applying these
properties effectively in functional films presents challenges due to issues like
aggregation and material instability. By employing a metal-organic host matrix
through a sol-gel approach, controlled in situ crystallization of PNCs can be achieved
with minimal fabrication requirements. Consequently, this ambient process, which
does not require annealing, produces high-performance nanocomposite thin films with
PLQY exceeding 80% and offers excellent ambient and mechanical stability. The
crystallization dynamics, which dictate the final nanoparticle size and, subsequently,
the emission properties, can be finely tuned by adjusting ambient exposure and

precursor concentrations.
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41 INTRODUCTION

Solution-processed semiconductors have emerged as promising candidates for
creating a new generation of optoelectronic devices that allow for simple, scalable
mass production.''®12% In particular, the PV performance achieved by MHPs positions
them as one of the leading contenders to address the rising global energy demand.®
These materials' unique defect physics, paired with their tunable band gaps, make them
attractive for applications like lasers and LEDs.*?'?2 However, bulk MHP structures
often suffer from limited PL efficiency due to issues with mobile ionic defects and low
exciton binding energy.'?*2* In this context, PNCs offer a new approach that can be
beneficial for enhancing PL, and accessing the quantum-confinement regime to
achieve an additional tool for band-gap customization. Thus, PNCs are the primary
building blocks in many devices and applications.!? The hot-injection method remains
the most widely used synthesis route for producing monodisperse metal halide
PNCs.%®® During this process, ligands in the solution prevent PNC growth and
aggregation, resulting in PNCs with narrow emission linewidths (12-42 nm) and a
PLQY of approximately 50%-90%.12® However, challenges persist concerning the
functionality and stability of PNCs. The hot-casting approach involves a multistep
process and requires several purification steps. The synthesized PNCs often lack
stability due to their sensitive surface chemistry, which is particularly problematic in
solution-processed deposition where solvent effects are present. The long-term
stability of PNC thin films is a major limitation, necessitating stabilization strategies
to improve reproducibility and robustness for further applications.!?” To ensure
sustainable use, it is essential to develop effective mechanisms to mitigate the primary
sources of PNC degradation, including environmental factors like oxygen, UV light,

temperature, and moisture.128-130

Consequently, new strategies are essential to overcome these limitations while
preserving PNC optical properties. MHPs growth within pre-formed templates has
been an alternative explored using various inorganic matrixes and alternative systems
such as metal-organic complexes to control particle size.*3! However, this approach is
often constrained by factors like host material stability, morphology, or compatibility
with MHPs synthesis. In this context, the in situ synthesis of PNCs within a host matrix
thin film is emerging as a promising alternative for next-generation solution-processed

perovskites. This approach enables rapid and simple creation of nanocomposite thin
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films with a uniform PNC distribution in the host matrix and precise control over
nanocrystal size.**2133 The host matrix plays a crucial role in eliminating the need for
organic capping ligands to stabilize PNCs and reduce complex purification steps, while
also allowing for additional control over morphology, size, and PNC distribution.
Moreover, the host matrix can provide unique functionalities, such as optical and
electronic properties, paving the way for multifunctional materials in fields like PV,
optoelectronics, sensing, and photocatalysis. The in situ approach relies on formulating
precursor solutions (inks) with suitable rheological properties for compatibility with
standard printing and coating techniques. This strategy has been used to synthesize
PNCs directly within a transparent matrix, maintaining emission efficiency and

serving as a direct pathway to multifunctional PNC films,%0:91,134-136

In this Chapter we present the in situ synthesis of MAPbBr3 nanocrystals within
a nickel acetate (Ni(AcO)2) host matrix using spin coating. Ni(AcO): is an ideal host
matrix for embedding nanocrystals, due to its excellent film-forming abilities and high
solubility in N,N-dimethylformamide (DMF). Additionally, Ni(AcO)2 offers high
transparency in the visible range (up to 95% from 400 to 800 nm for a 500 nm-thick
film), which is a crucial advantage for optoelectronic applications using such
materials. Unlike the hot-injection approach, no long-chain ligands are needed for
PNC surface capping. As a result, functional nanocomposite thin films are produced
using a straightforward process with exceptional emission properties, that can avoid
antisolvent approach or even the use of glovebox. Remarkably, the MHP
crystallization begins immediately after deposition without thermal annealing,
resulting in mechanically and chemically stable nanocomposite thin films with a
PLQY that can exceed 80%. The annealing-free nature of this solution-based method
Is a significant technological advancement, as it makes it directly compatible with
plastic substrates, protects active device components, and simplifies its fabrication.
PNC synthesis is easily regulated by controlling precursor concentration and/or

relative humidity (RH) at room temperature.
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4.2 EXPERIMENTAL PROCEDURES

4.2.1 Prepartion of Ni(AcO).-MAPbBr3z nanocomposite thin films

The Ni(AcO)2-MAPDbBr3 thin films are synthesized using a straightforward
single-step procedure. Nickel acetate tetrahydrate (Ni(CH3COQ)2-4H20, 98%, Alfa
Aesar) serves as the matrix precursor, while methylammonium bromide (CH3NH3Br,
99.5%, Ossila) and lead(l1l) bromide (PbBr2, 98.0%, Sigma-Aldrich) act as the PNC
precursors. DMF (anhydrous, 99.8%, Sigma-Aldrich) is used as the solvent. The
standard Ni(AcO): precursor solution consisted of 2 M Ni(AcO)2 in DMF, prepared
by dissolving 10 mmol of Ni(AcO)2 in 5 mL of DMF. This solution is aged in a dry
bath block at 70°C for 10 minutes, during which hydrolysis and condensation reactions
of Ni(AcO)2 in DMF initiated a sol-gel transition. This resulted in the formation of
soluble colloidal clusters of Ni-based compounds, leading to branched metal-organic

polymers that increased the solution’s viscosity.

The MAPDBTrs precursor solution is prepared by dissolving 5 mmol each of
MABr and PbBrz in 5 mL of DMF. The Ni(AcQO)2 and MAPDbBTr3 solutions are then
mixed at a specified ratio and applied as ink via spin coating. Prior to deposition, the
glass substrate (Sigma-Aldrich) is cleaned by ultrasonication in a 3 M HCI solution
(prepared using 35% HCI, VWR Chemicals) for 10 minutes, followed by rinsing with
a 3:1 mixture of isopropanol (99.5%, VWR Chemicals) and acetone (CsHsO, 99%,
VWR Chemicals). The substrate is then rinsed with deionized water (Millipore) and
dried with compressed air. Finally, an ozone treatment is performed on the substrate's
deposition surface to remove any organic residues by applying UV light in an ozone

chamber (Ossila Ozone Cleaner) for 10 minutes.

In this single-step synthesis process, the prepared solution is spread on glass and
spin-coated at 3,000 RPM for 40 seconds. During spinning, the nanocomposite film
gradually changes to a yellow color and exhibits strong PL as PNCs are formed (see
Figure 31). The kinetics of in situ PNC synthesis depends on the concentrations of
MABT, PbBr2, and Ni(AcO)2, as well as the relative humidity (RH). A simulated 100%
RH environment is created in a closed vessel using silica gel blue saturated by adding
10 mL of H20.
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Figure 31. Nanocomposite generation through spin-coating timelapse.

4.2.2 Structural and optical characterization

Field-emission SEM is performed using a HITACHI S-4800 instrument (Tokyo,
Japan) at 20 kV to analyze the sample morphology. The crystalline structure is
evaluated by X-ray diffraction (XRD) on a Bruker D8 Advanced X-ray diffractometer
with copper Ka radiation (A = 1.5418 A) at a grazing incidence of 1° and a scan rate
of 5° per minute over 20 angles ranging from 20° to 80°. Attenuated total reflectance
(ATR) measurements are obtained using an Agilent Cary 630 FTIR spectrometer.
TEM is performed on a JEOL JEM 1010 microscope (JEOL, Tokyo, Japan) at an
acceleration voltage of 80 kV, with images captured by a Mega VIEW Ill camera
(Olympus, Soft Imaging System, Mnster, Germany). UV-visible measurements are
taken with a Shimadzu UV-2501PC spectrophotometer. PL spectra are acquired using
a continuous-wave GaN laser at 404 nm, while time-resolved PL (TRPL)
measurements are conducted on an Edinburgh Instruments FLS 1000 fluorimeter,

using 1 ns pulses at 405 nm from a diode laser.

4.2.3 Electrical characterization

The photoconductive properties of the material are assessed through the
photocurrent density-voltage (j-V) characteristic curve. For photoconductivity
measurements, a solution of MAPDbBr3:Ni(AcO): at a 0.75:1 M ratio is spin-coated
onto ITO interdigitated electrodes from Ossila (code: S161). The samples are tested
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using a Gamry Interface 1010E. Measurements are conducted at a scan rate of 100 mV

s ! under both dark conditions and simulated sunlight with an intensity of 50 mW cm™.
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Figure 32. Schematic representation of the nanocomposite fabrication process,
emphasizing how concentration and humidity affect the PNCs during crystallization
through spin-coating.

The nanocomposite fabrication involves a precursor solution of MABr, PbBr,
and Ni(AcO)2 in DMF, which is applied onto a glass substrate and deposited via spin
coating. Figure 32 outlines the general synthesis steps. At high spin rate, the excess
DMF is removed, allowing the film to dry. During this spinning process, MAPbBr3
nucleation spontaneously occurs within the Ni(AcO)2 matrix within 30-40 seconds
without requiring thermal annealing (see Figure 31). Both RH and precursor
concentration significantly influence the formation, growth, and optical properties of
the PNCs in the Ni(AcO): film.

As for the matrix itself, previous studies have shown that Ni(AcO)2 has excellent
film-forming capabilities and can act as a host matrix for nanoparticles.t3"138
Consequently, MAPbBrs:Ni(AcO): thin films exhibit excellent optical and mechanical
properties without further treatment, achieving PLQY values up to 80%, notable

scratch resistance, and high stability under ambient conditions.

SEM images display the impressive morphology of the MAPbBr3:Ni(AcO)2

nanocomposites. The resulting PNC nanocomposite films are highly uniform and
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compact (approximately 300 nm in thickness; Figure 33) with adjustable film
thickness.

Figure 33. Cross-Sectional SEM Image of the nanocomposite Ni(AcO)2-MAPbBr3
coated on silicon. Thin-films image in 30° angled view.

X-ray diffraction (XRD) analysis (Figure 34a) confirms the in situ formation of
MAPbBrs within Ni(AcO)2. The diffraction peaks observed in the PNC nanocomposite
correspond to the cubic Pm3m crystal structure of MAPbBrs (JCPDS no. 00-0105),
with peaks at 15.05°, 21.28°, 30.13°, 33.94°, 37.07°, and 46.16° matching the (100),
(110), (200), (210), (211), and (300) planes, respectively.
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Figure 34. (A) XRD pattern of the as-synthesized MAPDbBr3:Ni(AcO)2 nanocomposite
under typical room humidity conditions. For films deposited in an ambient atmosphere
(50% RH and a 0.5:1 M ratio), the estimated PNC sizes, calculated using the Scherrer
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equation, are around 10 nm. (B) Comparison of ATR measurements between the
MAPbBr3:Ni(AcO)2 nanocomposite (green) and the bare polycrystalline perovskite
(yellow) and matrix (red).

Notably, films produced under RH <10% do not exhibit crystalline patterns
(Figure 35a), confirming that MAPbBr3 does not form at low RH levels, which aligns
with the lack of optical properties observed (absorbance and PL spectra). However,
when films deposited at RH <10% are exposed to an ambient environment (RH >15%),
crystallization initiates. This process is marked by a gradual color change, along with
increased excitonic absorption and PL (Figure 35b-e). Exposure to water vapor can
significantly speed up the in situ synthesis of MAPbBrs. These findings indicate that a
minimum level of moisture is essential for PNC formation. Interestingly, unlike

previous studies, no hydrate phases appear upon moisture exposure. 3
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Figure 35. (a) XRD pattern of MAPbBTr3: Ni(AcO)2 synthesized under humidity-free
conditions. Images (b-e) illustrate the crystallization dynamics of samples exposed to
different humidity levels. Images (b) and (c) depict as-synthesized PNC thin films
(0.25:1 M) at less than 10% relative humidity (RH) under normal and UV light,
respectively. Images (d) and (e) show as-synthesized PNC thin films (0.25:1 M) at
over 50% RH under normal and UV light, respectively.

XRD analysis confirms the formation of MAPDbBrs PNCs within the
nanocomposite, though it provides limited information on the mdatrix itself. To better
understand the nature of the host matrix, attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) measurements are conducted to characterize the
MAPDBr3:Ni(AcO)2 nanocomposite (Figure 34b). The ATR-FTIR spectrum of
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MAPDb3Br3:Ni(AcO):2 films (green line) reveals characteristic vibrational frequencies
associated with the carboxylate group from Ni(AcO):z (red line) and N—H bonds from
the CH3NHs" ion of MAPbBr3 (yellow line). Pristine Ni(AcO)2 lacks the split band
centered around 3,400 cm™', indicating that this band mainly results from O—H bonds
of water molecules within the coordination sphere. Both Ni(AcO). and the
MAPDBr3:Ni(AcO)2 nanocomposite show peaks at 1,563 and 1,422 cm™! (Figure 34b),
corresponding to the asymmetric and symmetric C=0 stretching vibrations of
Ni(AcO)2, respectively.!®® Additionally, the ATR-FTIR spectrum of the
nanocomposite exhibits a peak around 3,390 cm™, indicating O—H bonds likely due to
ambient humidity or water in the coordination sphere of Ni(AcO)2. The peaks at 3,200
and 3,150 cm™ correspond to the symmetric and asymmetric stretching of N-H,
confirming the presence of amines from the methylammonium cation.*! This feature
Is absent in the pure matrix but is observed in both the nanocomposite and MAPbBr3
spectra. Furthermore, the symmetric N-H bending mode (highlighted in gray) at 1,469
cm™! in both the MAPbBr3:Ni(AcO)2 nanocomposite and MAPDbBr3 confirms the

growth of MAPDBTr3 nanocrystals, a feature not present in pure Ni(AcO)2.

To optimize the final optoelectronic performance of the PNC thin films, we focus
on two primary factors influencing nanocomposite properties: (1) the dependence of
PNC size on precursor concentration and the MAPbBr3:Ni(AcO):2 ratio, and (2) the
effect of RH on activation and crystallization dynamics, which result in varying PNC

sizes.

In the first scenario, Figure 36a shows the PL and absorption spectra measured
for thin films fabricated under consistent conditions (RH fixed at 50%) while varying
the concentration ratio of MAPDBrs to Ni(AcO)2. Sixty minutes after sample
preparation, using a MAPDbBr3 concentration of 0.5 M, a distinct excitonic absorption
band appears at 518 nm, characteristic of MAPbBrs PNCs. When the MHP precursors
concentration is lowered to 0.25 M, the film’s absorption decreases significantly, about
threefold, while its PL intensity increases nearly tenfold. As a result, these films exhibit
aPLQY of 80% without additional optimization. PL decay kinetics (Figure 36b) reveal
a single exponential decay with a 7.0 ns lifetime for 0.25:1 M samples, while the 0.50:1
M samples show a multiexponential decay: a primary component of 5 ns (59% weight)
and two longer components at 26 ns (34%) and 250 ns (7%). This comparison suggests
that the faster component primarily governs the recombination process, influencing
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emission efficiency, whereas the longer-lived decay elements are likely due to shallow,
non-quenching traps on nanocrystal surfaces!*? and increased light scattering in the
0.5:1 M sample. Additionally, a blue shift in the PL signal, from 525 nm (0.5:1 M
sample) to 517 nm (0.25:1 M sample), suggests quantum confinement effects tied to
variations in particle size: under the same RH, higher MHP precursors concentration

results in larger PNC sizes.
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Figure 36.(a) Absorption and PL spectra of MAPbBr3:Ni(AcO)2 nanocomposite films,
processed at molar ratios of 0.25:1 and 0.5:1 M, showing the concentration
dependence.(b) PL decay kinetics for these two film samples. (c and d) TEM images
and particle size distributions of PNC nanocomposites prepared at two distinct
MAPDBr3:Ni(AcO): ratios, specifically 0.25:1 and 0.5:1 M.

TEM measurements (Figure 36¢c and Figure 36d) confirm this size variation,
showing that a lower MAPDBrs concentration (0.25 M) yields smaller PNCs
(approximately 2-3 nm), whereas a higher concentration (0.5 M) produces larger
PNCs (around 6—7 nm). While the dependence of PL maxima on particle size (with
distributions of 2-3 nm and 67 nm, showing PL spectra centered at 517 nm and 525
nm, respectively) is qualitatively consistent with observations for MAPbBrs NCs in
suspension!*3, it differs from that for similar NCs embedded in mesoporous silica.® It

is essential to note that the position of PL spectra maxima can be influenced by factors
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beyond quantum confinement. For example, with a broad size distribution and closely
packed nanocrystals, the PL spectra position may shift to longer wavelengths than
those predicted by the Brus equation, due to excitation funneling from smaller to larger
particles (spectral diffusion*?) or even toward the bulk phase. These findings suggest
that minor amounts of larger NCs or bulk phase may exist within our systems, leading
to excitation funneling that preferentially enhances the luminescence of larger particles
while quenching the luminescence of smaller ones. A more detailed examination of
how absorption and PL spectra maxima relate to nanocrystal size along with the impact

of RH will be presented in the following chapters of this Thesis.

Although the nanocomposite matrix has inherently low conductivity,
preliminary studies on indium tin oxide (ITO) interdigitated samples reveal
photoconductive behavior. A nanocomposite with a MAPbBrs:Ni(AcO): ratio of
0.75:1 M exhibits a tenfold increase in current when exposed to 0.5 AM1.5G light
intensity (Figure 37). This result is promising for integrating the nanocomposite into
devices. Further research into matrix modifications, doping, or nanoparticle

interconnections could provide valuable strategies for advancing in this area.
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Figure 37. j-V curves under light and dark conditions for the nanocomposite
MAPDBr3:Ni(AcO)2 with a ratio of 0.75:1 M at 50% RH.

In the second scenario, studying the RH influence on the crystallization
dynamics, the MHP nanocomposite films with a MAPbBr3:Ni(AcO):2 ratio of 0.25:1

M are exposed to varying RH levels for 60 minutes. The PL and absorption spectra
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(Figure 38) exhibit a redshift as the RH increases from 50% to 100%. Specifically,
both the absorption edge and the emission peak shift to lower energies with increasing
RH. The PL emission peak moves from 525 nm at 50% RH to 540 nm at 100% RH. A
notable difference between the two absorption spectra is the presence of a well-defined
excitonic absorption peak at 525 nm in the film exposed to 100% RH, which is absent
in the film exposed to 50% RH. This is in line with a particle-size variation, similar to
that noted earlier with different precursor concentrations.}*® This shift in the PL
maximum suggests a particle size variation from approximately 3-5 nm at 50% RH to
11-12 nm at 100% RH. In contrast, nanocomposite films prepared under RH <10%
show negligible PL emission and absorption, reinforcing that specific humidity levels

are necessary for PNC crystallization, consistent with the earlier XRD results.
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Figure 38. Absorption and PL spectra of a nanocomposite film produced with a
MAPDBr3:Ni(AcO)z2 ratio of 0.25:1 M, crystallized under varying RH conditions.

The in situ synthesis of PNCs within Ni(AcO)2 can be tracked by observing
changes in optical properties over different reaction times. To further explore the role
of moisture in MAPDbBrs nanocrystals crystallization, nanocomposite thin films are
prepared at concentrations of 0.25 M and 0.5 M MAPbBr3 under RH conditions of
50% and 100% at 25°C. Figure 39 illustrates these three conditions, where black dots
indicate the intensity of the probing laser beam transmitted through the sample, blue

dots represent PL intensity, and red dots show the PL peak wavelength for
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MAPDBr3:Ni(AcO)2 nanocomposites prepared at different perovskite concentrations

and RH levels.
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Figure 39. (a-c) Crystallization dynamics monitored through PL and Transmittance
illustrating the effects of concentration and humidity on crystallization. (a)
MAPDBr3:Ni(AcO)2 at 0.25 M and 50% RH (b) MAPbBr3:Ni(AcO)2 at 0.5 M and 50%
RH, and (c) MAPDbBrs:Ni(AcO)zat 0.25 M and 100% RH.

Figure 39a illustrates the time evolution of the optical properties of a
nanocomposite thin film at 50% RH with a MAPbBr3:Ni(AcO)2 molar ratio of 0.25:1.
The process initially shows an exponential trend over the first 60 minutes, followed by
a plateau lasting more than 6 hours under continuous exposure across all measured
properties. During the first 30 minutes, the peak emission shifts from 502 to 520 nm.
As the reaction progresses, the concentration of formed nanocrystals increases, causing
the sample’s transparency to decrease while simultaneously enhancing PL intensity
and redshifting the PL band maximum. After one hour, the reaction stabilizes, with the
PL peak fixed at 525 nm. Figure 39b displays the optical properties of a nanocomposite
thin film at 50% RH but with a MAPbBr3:Ni(AcO)2 ratio of 0.5:1. In this case, PL
intensity rapidly increases just 30 minutes post-deposition, accompanied by a decrease
in sample transmittance. The changes appear sharper than those observed in the 0.25:1

M sample, with a transmittance reduction evident even at t = 0 s, suggesting that the
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reaction initiates during spin coating. After about 30 minutes, the reaction is complete,
resulting in a PL peak at 529-530 nm, suggesting the presence of larger particles than

those in Figure 39a.

Figure 39c shows the optical properties of a nanocomposite thin film at 100%
RH with a MAPbBr3:Ni(AcO)2 ratio of 0.25:1. The kinetics indicate an accelerated
process similar to what is observed when MHP precursors concentration increases.
However, noticeable degradation of the nanocomposite film properties occurs within
a few hours, characterized by reduced PL intensity and increased transmittance.
Despite these changes, the PL band remains centered at 530 nm, indicating that particle
size remains stable despite degradation. The 5 nm blue shift observed when RH
increases (Figure 39c vs. Figure 39a) suggests the formation of larger PNCs under
higher humidity for the same formulations, confirming RH’s significant influence on

PNC size during crystallization.

Interestingly, despite the impact of ambient humidity on crystallization, once the
final PNC size is reached for a given humidity and concentration condition, the
nanocomposite film’s optical properties remain stable. Unlike typical perovskite
instability, these unencapsulated films in ambient conditions (40%—60% RH) lose less
than 25% of their PL emission after 8 months (see Figure 38). This suggests an

additional protective effect from the host matrix.
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Figure 40. Evolution of PL of MAPbBr3:Ni(AcO)2 nanocomposite at 0.25:1 molar
ratio stored under ambient conditions.

Chapter 4: In situ Crystallization Method for Tunable and Stable Perovskite Nanoparticle Thin Films 85



While Figure 39 provides valuable data on MAPbBrs nanocrystal formation
under various conditions, absorption and luminescence spectroscopy alone are
insufficient to probe the molecular mechanisms underlying nanocomposite formation.
The observations suggest that the Ni(AcO)2 matrix actively influences the MAPDbBTr3
nanocrystals' optical properties, but structural analysis methods are needed to
understand the nanocomposite morphology. This is exemplified by the differing
excitonic absorption contributions in samples at 50% RH (weaker excitonic
contribution) and 100% RH (stronger excitonic contribution). In theory, this effect
could relate to changes in exciton binding energy (Eb): higher Eb would enhance
excitonic contributions compared to unbound electrons and holes. However, this
observation contrasts with the typical decrease in Ep as semiconductor quantum dots
grow larger.}** We hypothesize that in this nanocomposite, the surrounding matrix
may affect the dielectric constant at the nanocrystal boundary, effectively altering the

semiconductor's dielectric constant and thus influencing Eb.

An additional indication of the matrix's impact on MAPbBrs nanocrystal
properties is the change in PL decay kinetics observed between nanocomposites with
0.25:1 M and 0.5:1 M ratios. The appearance of longer-lived decay components (see
Figure 36b) could result from the formation of shallow, non-quenching traps on
nanocrystal surfaces, which extend observed PL Kinetics, or increased light scattering

in the 0.5:1 M nanocomposite, potentially leading to multiple PL reabsorptions.

44 CONCLUSIONS

In summary, we have developed a simple, rapid, and cost-effective method for
the in situ synthesis of PNCs within a metal-organic matrix, resulting in
nanocomposite thin films with excellent optical properties and high stability
(achieving up to 80% PLQY and durability of over one year). Despite being an
annealing-free process, this approach produces uniform thin films with outstanding
resistance to mechanical friction. By adjusting the precursor loading in the final thin
film, we can control crystallization dynamics, allowing for tunable crystal sizes.
Additionally, PNC size can be modulated by exposure to different RH conditions, as
both PL and absorption spectra exhibit varied behavior under different moisture levels
due to aggregation effects leading to diverse PNC sizes. Samples exposed to varying
RH and precursor ratios show a shift in absorption and emission bands to longer
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wavelengths, indicating an increase in PNC size. Furthermore, performing the same

synthesis in a dry-air environment (without moisture) does not lead to PNC formation.

This in situ PNC nanocomposite synthesis approach has the potential to support
the development of large-area optoelectronic devices with enhanced functionality and
provides a foundation for direct bandgap tuning by controlling PNC crystallization

dynamics.

In the next chapter, a detailed protocol is presented to provide insights into the
crystallization dynamics and potential applications of this synthesis method. A
comprehensive procedure for developing chambers, in which humidity is precisely
controlled, is outlined as a critical strategy for achieving precise control over the final
PNCs, thereby fully harnessing the capabilities of this approach.
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Chapter 5: Controlled Crystallization of
PNCs: A Comprehensive In situ
Synthesis Protocol

Chapter 5 contains a full detailed protocol for the preparation PNCs developed
in the previous chapter. The protocol outlined in this section corresponds to
methodologies detailed in the peer-reviewed published article: Noguera-Goémez et al.,
STAR Protocols 4, 102507, 2023.1* This comprehensive guide adheres closely to the
established procedures presented therein, ensuring consistency with the published

findings and providing a reliable foundation for replicating the results.

The protocol describes step by step the synthesis of MAPbBrs PNCs directly
within a Ni(AcO)2 matrix.}*® The ultimate size of the NCs, which dictates emission
properties through quantum confinement, can be accurately managed by adjusting the
RH during the crystallization stage (as explained in the deposition section) and by
varying precursor concentrations. This synthetic approach enhances stability of PNCs,
protecting them from degradation factors such as oxygen, UV exposure, temperature,
and moisture.'#"14¢ Moreover, it enables the creation of PNCs with diverse perovskite

compositions, including chloride, bromide, iodide, and their mixtures.
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5.1 INTRODUCTION

The field of halide perovskites is currently challenged by the need to develop an
efficient method for producing stable and highly efficient PNCs. This protocol outlines
the steps for preparing precursor solutions, depositing the layers and elaborates on
methods for managing key processing parameters, such as adjusting precursor
concentration and creating controlled-humidity environments to achieve precise
control over the final NCs size (see Figure 41). The entire protocol should be
conducted with appropriate safety measures for each chemical and its by-products,

including suitable laboratory facilities, personal protection, and waste management.
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Figure 41. A schematic overview of the nanocomposite fabrication process: illustrating
the influence of concentration and relative humidity (RH) on the crystallization of
PNCs.

5.2 EXPERIMENTAL PROTOCOL PROCEDURES

This section is intended to present a comprehensive protocol for preparing PNCs
with precise size control. This includes the description of all materials used in the
synthesis process, alongside the suppliers and pertinent references, as outlined in the

Key Resource Table.
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5.2.1 Solutions and materials preparation

The preparation of precursor solutions is essential for the synthesis of
MAPDBr3:Ni(AcO)2 nanocomposites, with careful mixing required to achieve a
transparent solution ready for deposition. The reference scenario employs a 0.25:1
molar ratio of MAPDbBr3 and Ni(AcO)2, respectively. For the preparation of the
Ni(AcO)2 matrix solution, e.g., 2 mL of a 2 M solution is prepared by dissolving 4
mmol (0.995 g) of Ni(AcO)2 in 2 mL of DMF. The mixture is heated to 70°C and
stirred continuously in a dry-block bath for 10 minutes. Upon completion, the solution
Is filtered using a 0.2 pm PVDF filter attached to a 5 mL syringe, and the resulting
solution is stored at room temperature (approximately 20°C and 40% RH). The
MAPbDBTr3 precursor solution is prepared by first dissolving 1 mmol of MABr (0.112
g) in 2 mL of DMF with stirring for 20 minutes. From this initial solution, 1 mL is
transferred to a second vial containing 1 mmol (0.367 g) of PbBr2, and the resulting
mixture is filtered through a 0.2 um PVDF filter. The filtered solution is stored at room
temperature under similar laboratory conditions. To prepare the MAPbBr3:Ni(AcO)2
solution, 1 mL of the MAPbBrs precursor solution is combined with 1 mL of the
Ni(AcO)z2 solution. This mixture is stirred for 10 minutes, yielding the final precursor
solution, which is then stored at approximately 20°C and 40% RH (see Figure 42).
Experiments to investigate the effects of varying precursor ratios on particle size are
also conducted, focusing on different MAPbBrs concentrations achieved by dilution
with DMF, while maintaining a constant Ni(AcO)2 matrix concentration at 1 M (see
Figure 45).

When preparing solutions, undissolved reagents at the bottom of the vial may
hinder optimal homogeneity; gently heating the mixture in the dry-block bath while
stirring aids dissolution. When necessary, increasing the temperature up to 80°C and
extending heating time by 5 minutes ensures complete solubilization. Filtration
afterward removes any remaining particulates, creating a uniform solution. The matrix
and perovskite solutions display considerable stability over time, with properties
remaining intact for up to three months when stored under standard laboratory
conditions (about 20°C and 50% RH). However, certain limitations and potential
issues must be considered to ensure successful implementation. One key limitation is
the long-term stability of precursor solutions, especially those with sol-gel precursors

such as Ni(AcO)z, which may precipitate over time. While these solutions generally
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maintain stability for up to three months, occasional precipitation can occur sooner.
The filtration step thus plays a crucial role in enhancing solution longevity by
removing any unsolved particles that could otherwise act as nucleation centers.
Aggregation, sudden aging, or clustering within the sol-gel matrix may also lead to
poor dispersion and heterogeneous uniformity. If unexpected precipitation occurs even
if within its expected lifespan, repreparation of the solution ensures consistency and

reliability for subsequent synthesis steps.

5.2.2 Substrates cleaning

The cleaning of substrates is essential to ensure an optimal surface for film
deposition, enhancing adhesion and wettability. To achieve this, substrates undergo a
thorough cleaning process involving solvent treatments, rinsing, and drying to remove
any unwanted particles or residues. Glass slides (approximately 25x25 mm) are
sonicated ina 3 M HCI solution (35 vol%, VRW Chemicals) for 10 minutes, followed
by cleaning with a toothbrush and a 2% Hellmanex solution in water. The slides are
then immersed in an ultrasonic bath with 2% Hellmanex for 30 minutes, rinsed
thoroughly with deionized water, and subsequently with ethanol. Afterward, they are
immersed in an ultrasonic bath containing a 3:1 solution of isopropanol (IPA) and
acetone for 15 minutes, and finally dried with compressed air free of moisture and
dust.

During substrate preparation, inadequate wettability may sometimes occur even
with meticulous cleaning, resulting in aggregation or uneven distribution of the
solution on the substrate surface. Performing an ozone or plasma treatment before
deposition resolves this, improving surface quality. Alternatively, spin-coating 1 mL
of DMF onto the substrate before adding the nanocomposite precursor solution can
help. Care must be taken with ozone, as it is a hazardous gas, and treatment should be

conducted within a fume hood or a similar controlled environment.

5.2.3 Spin-coating deposition

Spin-coating deposition facilitates the controlled removal of excess solution and
solvent drying while forming a thin film with desired characteristics by adjusting
spinning parameters. The deposition can be performed either inside a dry glovebox
with moisture-free air (see Appendixes Table 5) or under ambient conditions

(approximately 40-50% RH and 20°C), as the process is highly dependent on
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humidity. RH during deposition plays a critical role in determining the final PNC size,
as illustrated in Figure 41. Using the aforementioned precursors solutions the resulting
film thickness is generally around 300 nm (as discussed in Chapter 3:), with the
thickness, which also determines the film’s absorption properties, primarily influenced
by the spin-rate. PNC size within the composite is strongly affected by humidity and

perovskite precursor concentration.

When working within a dry box, it is crucial to place all necessary instruments
inside the box at least 20 minutes prior to deposition to ensure a moisture-free
environment. The single-step synthesis process involves depositing the nanocomposite
precursor solution onto a glass substrate. In the spin-coating process, the glass
substrate is centered in the spin-coater, which is set to 3000 rpm for 40 seconds with
an acceleration ramp of 2000 rpm/s. A 70 pL drop of the precursor solution is placed
at the center of the glass substrate using a micropipette, and the spin-coater program is
initiated. Once the program is complete, the sample is placed within a prefabricated
humidity chamber (detailed in the Humidity Chambers Building subsection) for a

specified duration to induce crystallization and control PNC size.

Alternatively, the deposition can be conducted under standard
laboratory conditions, which promotes PNC crystallization due to exposure to ambient
humidity if there is an RH difference greater than 10% (see Figure 35b-e of previous
chapter). In this case, the steps described for deposition are followed outside the dry
box. Thus, the laboratory’s relative humidity and temperature significantly influence

the final PNC size due to the ambient moisture levels during the deposition process.
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Figure 42. Schematic illustration of the primary protocol steps for preparing
nanocomposite-based PNCs. Notably, steps 4 and 6 are critical in determining the final
size of the nanocrystals.

5.2.4 Design and Assembly of Humidity Chambers

This section provides an overview of the design and construction of humidity
chambers capable of generating controlled humidity levels between 10% and 100%
RH. These chambers achieve specific RH levels by utilizing supersaturated solutions

of various inorganic salts. These salt solutions are chosen for their well-defined
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equilibrium vapor pressures at certain temperatures, enabling precise control of RH
within the chamber.14°

The humidity chambers are composed of four essential components (Figure 43):
a polypropylene box with an airtight lid, saturated salt solutions, a sample tray holder,
and a thermo-hygrometer. To ensure the desired humidity level, a supersaturated salt
solution is placed inside the chamber, which is then sealed with an airtight lid. The RH
is monitored with a hygrometer, and equilibrium vapor pressure is typically achieved
within 30 minutes in a 10x10x10 cm box. Custom plastic trays, designed to allow
sample insertion without disrupting RH equilibrium, are attached to one side wall of
the chamber.2° These trays are 3D printed using polylactic acid (PLA).

T R e & oy
35 % - MgCl, B 75%-Nacl [

Figure 43. Custom-made humidity chambers for the crystallization of PNCs at
different RHs. Sealed vessel containing a hygrometer, a tray for introducing the thin
films after deposition and the saturated salts with water at the bottom.

The RH level is defined by the partial vapor pressure of the salt solution mixture

at a given temperature upon reaching equilibrium. To prepare a humidity chamber,

10 Adding multiple trays does not interfere with the chamber’s equilibrium.
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different inorganic salts are chosen based on the targeted RH level (see Table 5).1* The
preparation of a saturated salt solution involves selecting salts appropriate for the RH
range, filling the chamber bottom with a 1 cm layer of the salt of choice, and gradually
adding small amounts of distilled water while gently stirring to ensure even
distribution. This process creates a slushy mixture, establishing a supersaturated salt
solution. Once the solution is supersaturated, the chamber’s airtight lid and tray
compartments are closed, and the equilibrium is achieved within approximately 30

minutes, as confirmed by checking RH with a thermo-hygrometer.

In constructing the humidity chamber, failure to reach equilibrium within the
designated timeframe may lead to incomplete humidity stabilization, which affects the
crystallization process. Extending the stabilization period by 10-20 minutes often
achieves vapor pressure equilibrium at the desired RH level. In cases where frequent
chamber openings disrupt the RH balance, quickly closing the chamber and allowing
time for the RH to restore is essential.

5.2.5 Characterization

For XRD, absorption, and PL characterization, conventional glass substrates or
quartz can be used. Thin films are broken down into small pieces and sonicated in
methyl acetate for subsequent deposition onto TEM grids. When preparing TEM
samples, high concentrations of dispersed nanocomposite film may hinder the
visualization of individual PNCs due to agglomeration on the TEM grid. To prevent
this, a diluted nanocomposite solution should be used during deposition to ensure clear

visualization without excessive aggregation.

5.3 RESULTS AND OUTCOMES

The main parameters to study are optical and structural characteristics. In this
section a brief description of expected outcome when developing PNCs within
matrixes is detailed. Most of the described results are referred to the data presented in
Chapter 4.

11 The table lists commonly used inorganic salts as viable candidates for preparing controlled humidity
chambers. In a supersaturated state, these salts establish vapor equilibrium within the container,
allowing for the achievement of the specific relative humidity levels at the specified temperatures.
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XRD and TEM analyzes are conducted to confirm the formation of the PNC
within the matrix. These techniques provide detailed insights into the existence and
distribution of PNCs in the nanocomposites, as shown in Figure 44. The in situ
synthesis of MAPDbBTr3 in Ni(AcO)z is confirmed by the XRD diffractogram (Figure
443), which displays peaks corresponding to the cubic Pm3m crystal phase of
MAPbDBr3 (JCPDS no. 00-0105) in the nanocomposite. Notably, films prepared at RH
levels below 10% do not exhibit crystalline patterns, indicating that MAPbBrs does
not form under low humidity conditions. However, exposing films deposited at RH
<10% to ambient conditions (RH above 15%) initiates crystallization, which is
accompanied by a gradual color change and an increase in excitonic absorption and
PL (see Figure 45a).
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Figure 44. (a) XRD diffraction pattern of the as-synthesized MAPbBr3:Ni(AcO):2
nanocomposite under ambient humidity conditions (50% RH). (b and ¢) TEM images
and particle size distributions for PNC nanocomposites at two MAPbBr3:Ni(AcO)2
ratios, specifically 0.25:1 and 0.5:1 M, respectively. Outcomes highlighted previously
in Figure 34 and Figure 36¢-d.
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Under the same RH conditions, higher perovskite precursor concentrations yield
larger PNCs, as TEM measurements confirm (Figure 44b-c). For instance, a lower
MAPDBr3 concentration (0.25 M) produces smaller PNCs with a size distribution
around 2-3 nm, whereas higher MAPbBrs concentrations (0.5 M) result in larger

PNCs, with sizes around 6-7 nm.?

The influence of precursor concentration on the formation of PNC
nanocomposites is therefore critical. By varying the concentration ratio of the PNC
precursor to the matrix, different outcomes can be achieved. After synthesis, the
optical properties of thin films prepared at 50% RH are studied through absorption and
PL, as depicted in Figure 45b-c. Detailed equipment specifications for these

characterizations are provided in the Key Sources Table.
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Figure 45.(a) Photograph of PNC nanocomposite thin films prepared with varying
MAPDBTr3 concentration ratios, with Ni(AcO)2 fixed at 1 M, at 50% RH. (b and c)
Absorption and PL spectra of the thin films, respectively.

12 All this previous has been extensively discussed in the previous chapter.
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As shown in Figure 45a, increasing MAPbBrs concentration within the matrix,
up to the bulk phase (1:0 ratio), leads to a trend of absorption peaks shifting towards
lower energies, as represented in the absorption spectra (Figure 45b). Additionally, the
PL response (Figure 45c) displays a redshift, with wavelengths ranging from 515 nm
in samples with lower MAPDbBr3 concentration (0.25:1 M) to 550 nm in pure bulk
MAPbDBTrs. This shift reflects variations in average particle size within the matrix, as

confirmed by TEM images (Figure 44).

Beyond precursor concentration, RH also impacts crystallization dynamics. As
discussed in Figure 38 (Chapter 4), the PL and absorption spectra of nanocomposite
films with a MAPDbBr3:Ni(AcO)z2 ratio of 0.25:1 M after exposure to different RH. As
RH increases from 50% to 100%, both the absorption edge and emission peak redshift.
As shown in Figure 38 a prominent difference between the absorption spectra is the
sharply defined excitonic absorption peak at 525 nm when exposed to 100% RH,
which is absent at 50% RH. Additionally, exposure to higher RH causes the PL band
to shift from 525 nm at 50% RH to 540 nm at 100% RH, aligning with TEM

observations. All this has been studied in detail in the Results section — Chapter 4.

It is noteworthy that, while ambient humidity influences the crystallization
process, the nanocomposite film’s optical properties stabilize once crystallization
reaches a plateau. The stabilization period varies depending on RH and precursor
concentration, but once stable, the optical characteristics remain consistent. A deep
understanding of crystallization dynamics is thus essential for tuning the
optoelectronic properties of perovskite thin-film nanocomposites. Higher RH
expedites MHP crystallization within the matrix, while the precursor concentration
also affects this process. Thus, the impact of a RH of 50% on samples with different
precursor concentrations is studied immediately after preparation in a dry-glovebox
environment see Figure 46. The in situ synthesis of PNCs within Ni(AcO)2 is
monitored by measuring the PL over time, as shown in Figure 46. The crystallization
reaction progresses faster at higher perovskite concentrations (0.5 M) with a constant
matrix concentration of 1 M, likely due to the presence of more nucleation centers
associated with increased precursor concentration. Moreover, at higher concentrations
(0.5 M), an emission plateau is achieved more quickly, indicating an almost complete

reaction of the MHP precursors within the Ni(AcO)2 matrix.
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Figure 46. Crystallization dynamics monitored over time. Evolution of samples’ PL
depicting the impact of concentrations and humidity on the crystallization.

Besides the size control over NCs sizes with precursors concentration and RH,
preliminary results demonstrate the potential of this approach for synthesizing PNCs
of various halide compositions. In this sense, Figure 47 presents a series of halide
variations, starting with MAPbBr3 and substituting a portion of the bromine atoms with
Cl and I. The introduction of alternative halides, such as Cl and | demands additional
considerations on the solution chemistry. Due to different precursors solubilities, small
amounts of DMSO are usually required, and hence annealing steps after spin-coating
need to be incorporated to ensure proper crystallization of the PNCs. Further studies
will be conducted to fully explore the potential for the bandgap tunability of the

nanocomposites.
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Figure 47. MAPbBr3-xClx and MAPDbBrs-xIx PNC nanocomposites, showcasing various
halide composition ions. (a) PL spectra and (b) films image under UV illumination.

5.4 CONCLUSIONS

This chapter provides an in-depth exploration of the crystallization process of
MHP nanocomposites and presents a detailed protocol for synthesizing PNC using an
in situ method. Specifically, it addresses the mechanisms of nanocomposite
crystallization and offers tools for precise control over the resulting PNCs. A notable
advancement in this method is the development of ambient-controlled humidity
chambers, which introduce a new degree of freedom for tuning perovskite
semiconductor NCs with high precision. While challenges such as solution stability
and RH control persist, adherence to this protocol significantly enhances

reproducibility and performance.

This method lays the groundwork for large-area, high-performance
optoelectronic devices, representing a significant advancement in scalable MHP
nanocomposite fabrication. Remarkably, compared with similar methods, this
approach is a straightforward and cost-effective strategy that yields nanocomposites

with excellent emission properties.

Building on these advancements, Chapter 6 will delve deeper into understanding
the formation mechanisms, offering an extensive investigation into the crystallization

process of PNCs and the resulting enhancement in their optical properties.
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5.5 APPENDIXES

Table 4. Protocol - Key Resource Table

REAGENT or RESOURCE PROVIDER IDENTIFIER
Chemicals
Methylammonium bromide (MABT), >99.5% TCI CAS 6876-37-5
Lead bromide (PbBr,), >98.0% Sigma-Aldrich CAS 10031-22-8
N,N-dimethylformamide (DMF), anhydrous, 99.8%  Sigma-Aldrich CAS 68-12-2
Nickel (1) acetate tetrahydrate (Ni(AcO),), 98% Sigma-Aldrich CAS 6018-89-9
Hydrochloric acid (HCI) 35%, Technical VWR Chemicals CAS 7647-01-0
2-Propanol (IPA) >99.5% Sigma-Aldrich CAS 67-63-0
Ethanol >99.5% Sigma-Aldrich CAS 64-17-5
Acetone, ACS reagent >99.5% Sigma-Aldrich CAS 67-64-1
Hellmanex 111 Sigma-Aldrich N/A
Inorganic Salts (Table 5) Sigma-Aldrich or similar N/A
0224 o o et MGV s A
Micropipette 20-200 pL Thermo Fisher Scientific 11875762
Micropipette Tips 20-200 uL Thermo Fisher Scientific 11923446
Humidity Chambers Thermo Fisher Scientific 15889465
Carbon coated TEM grid Sigma-Aldrich N/A
Glass substrate — Microscope slides (76x26 mm) VWR Chemicals N/A
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Continued

REAGENT or RESOURCE PROVIDER IDENTIFIER

Other

Ossila Ozone Cleaner Ossila https://www.ossila.com/en-eu/products/uv-ozone-cleaner
Spin-coater Laurell WS-650 Model http://www.laurell.com/spin-coater/?model=WS-650-23B
Dry-Glovebox, SICCO SICCO https://es.vwr.com/store/product/12566364/glove-box-sicco

Thermo—hygrometer B

Thermo Fisher Scientific

15-079-679

Heating / Shaking Dry Bath

Thermo Fisher Scientific

https://www.thermofisher.com/es/es/home/life-science/lab-equipment/dry-
baths/heating-shaking-dry-baths.html

Analytical balance Waagenet https://eu.waagenet.de/gram-

Spectrophotometer Flame-S-VIS-NIR Ocean Insight https://www.oceaninsight.com/blog/flame-series-general-purpose-spectrometers/
Spectrophotometer UV-2501PC, UV-Vis Shimadzu N/A

Blue Laser 404 nm CW GaN ‘I_)t%toe'ec”on'cs Tech.Co., A

D8 Advanced X-ray diffractometer (XRD) Bruker N/A

JEOL JEM 1010 Transmission electron microscope JEPL, Tokyo, Japan N/A

(TEM)

3D Printer — DIGILAB 3d45 Dremel N/A

Nitrogen Glovebox MBraun N/A

Transmission electron microscopy (TEM) JEOL JEM 1010 N/A
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Table 5. Inorganic salts for the generation of a wide range of RH atmospheres within Humidity Chambers.

Temperature °C
Saturated Salts 5 10 15 20 25 30 35
Relative Humidity, % over the Salt Solution
Lithium chloride - LiCl 16 14 13 12 11 11 11 11
Potassium acetate - CH3CO2K 25 24 24 23 23 23 23 23
Magnesium chloride - MgCl: 33 33 33 33 33 32 32 32
Potassium carbonate K2CO3 47 47 45 44 43 42 41 40
Magnesium nitrate - Mg(NOz3)2 54 53 53 52 52 52 51 51
Sodium Chloride - NaCl 76 76 76 75 75 75 75 -
Cupric chloride - CuCl2 65 68 68 68 67 67 67 67
Ammonium nitrate - NHsNOs - 75 70 67 64 60 53 -
Ammonium sulfate - (NH4)2SOa4 82 82 82 81 81 81 80 80
Potassium chloride - KCI 88 87 86 85 84 84 83 82
Potassium sulfate - K2SO4 98 98 98 98 97 97 97 96
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Chapter 6: Passivation Mechanism in Highly
Luminescent  Nanocomposite-
based CH3NH3PbBrs Perovskite
Nanocrystals

Chapter 6 builds upon the previous Chapters 4 and 5 by offering a deeper
investigation into the crystallization and passivation mechanisms, unveiling the key
stages that govern the crystallization process. The findings presented throughout this
chapter are derived from and correspond to those reported in the article under revision:

Noguera-Gomez et al., Submitted, 2024
ABSTRACT

In general, exposure to water negatively affects the structure and PL of MHPs.
Nonetheless, humid conditions can also promote the in situ synthesis of MAPbBr3
PNCs within a nickel acetate matrix, achieving PLQYSs as high as 80%. In this chapter
we elucidate the mechanism behind the water-driven formation and transformation of
methylammonium lead bromide perovskite structures, emphasizing the key role of
acetate as a mediator. By employing extensive UV-visible absorption, PL, PL
excitation, Time-Resolved PL, PLQY, XRD, TEM, ATR-FTIR and X-ray
Photoelectron Spectroscopy analyzes, we show that under low relative humidity (RH
< 20%), the deposition results in non-emissive MA4PbBrs (0D) and hydroxide species
(PbBrOH, OH") rather than 3D crystalline MAPbBrs. Increasing RH triggers a
structural reorganization from OD MA4PbBrs to 3D MAPDBr through a MABr-
stripping mechanism, producing NCs with enhanced PLQY. We further demonstrate
that removing water quenches PL, a reversible process facilitated by hydroxide-
mediated reactions controlled by the dual acid-base nature of the acetic acid/acetate
system. Contrary to prior reports, our findings reveal that hydroxide ions can reversibly
associate with NCs, passivating traps and enhancing stability. The basicity of acetate
is critical for generating OH~, which aids in passivation, stability, and the improved

optical properties of the perovskite nanocomposites.
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6.1 INTRODUCTION

Over the past decade, colloidal NCs of 3D MHP, represented by the chemical
formula APbXs (where A = CHsNHs* (MA*), CH(NH2)2* (FA*), or Cs* and X = CI,
Br, or I'), have drawn considerable interest. Typically synthesized using hot injection
methods in organic solvents, these NCs display exceptional photoelectronic properties,
such as high PLQY, narrow emission spectra, tunable emission wavelengths, and high
defect tolerance.®™>%%-15 These qualities make them promising candidates for a range
of applications, including light-emitting diodes'®**> and solar cells!®*-1%8, However,
despite their excellent photophysical properties in solution, these colloidal NCs
encounter significant issues when incorporated into functional thin films. Specifically,
they suffer from reduced PL performance, which negatively impacts their
optoelectronic properties and accelerates degradation. It is suggested that these
functional and structural instabilities arise from the loss of passivating organic ligands
in the solid-state films of perovskite NCs and their interaction with moisture. H20
molecules infiltrate the NC lattice, forming hydrogen bonds with electronegative
atoms (e.g., nitrogen and halogen), which leads to structural degradation into
precursors or derivatives'®®162 ultimately affecting film quality and device
performance.161:163164  Consequently, developing strategies for stabilization and

passivation is essential to create robust materials for future applications.®%127

On the other hand, several studies have reported the beneficial effects of H20
molecules in perovskite crystallization.'3%1%%-167 Some indicate its role in crystal
reorientation®, while others suggest that ambient water facilitates the generation of
lead derivatives, such as PbBrOH.% Although the exact passivation mechanism in
these bromide systems is not fully understood, PbBrOH is frequently proposed as a
significant factor in active passivation, enhancing both stability and luminescence of
3D perovskite NCs.1%° Additionally, moisture is critical in driving a phase transition
from initially formed low-dimensional OD perovskites (AsPbXe) to their 3D
counterparts (APbXz)!"1"? via an AX-stripping mechanism facilitated by their
solubility in water.2’>17" |ike PbBrOH, the higher band-gap 0D phase can actively

contribute to the passivation of the 3D NCs.1"®

In addition to these effects, with the results presented in chapters 4 and 5 we
demonstrate that ligand-free MAPbBIr3 perovskite NCs synthesized in situ within a

nickel acetate (Ni(AcO)2) matrix under humid conditions exhibit remarkably intense
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and stable PLQY = 80%.1%¢ A significant finding is that RH plays a crucial role in
controlling the crystallization process, enabling the fine-tuning of NC formation and
optimization of their optical properties. However, the mechanism behind these
exceptional optical properties and the dynamics of crystallization has remained

unclear.

In the study of this chapter, we show that in the aforementioned MAPbBT3
nanocomposites, low humidity conditions (under 10% R.H.) initially promote the
formation of 0D phase MA4PbBrs NCs. These undergo two concurrent processes upon
interaction with ambient humidity that determine the resulting film’s properties: (a)
the transition of 0D MA4PbBrs to 3D MAPbBrs NCs and (b) the formation of
hydroxide ions (OH") through an acid-base reaction with H20 in the acetate-rich
environment, which enhances passivation and optoelectronic properties of the 3D
nanocrystals. Detailed studies on the PL performance of OH -passivated NCs reveal
that OH™ ions are in equilibrium with ambient humidity and can reversibly bind and
unbind under vacuum and humid conditions, respectively. Consequently, the 3D
MAPDBr3 NCs show intense green PL with enhanced stability, attributed to the strong
binding of hydroxide ions on the NC surface.

6.2 EXPERIMENTAL PROCEDURES

As emphasized throughout this Thesis, the simplicity of this method, combined
with its potential applications in sensing, lasers, LEDs, PSCs, and catalysts represents
a significant leap in the field. Additionally, the phenomenon of water-driven
crystallization sets a foundation for further exploration of water's role in these

materials.!®

6.2.1 Preparation of MAPbBr; nanocomposites
To synthesize Ni(AcO)2 -MAPDBr thin films, a single-step method is utilized,
following the technique outlined in Chapters 4 and 5 and based on the work published

by Noguera-Gomez et al. 146

The synthesis process involves depositing the mixed solution onto glass and

spin-coating it at 3000 rpm for 40 seconds in a humidity-free environment (Drybox).

13 A topic that remains under active debate!™
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During spinning, the MAPbBr3 nanocomposite gradually dries. The crystallization of
perovskite NCs depends on concentration; however, for this work, the precursor
concentrations (MABTr, PbBr2, and Ni(AcO)2) are fixed as specified in the results

section, while the relative humidity (RH) to which the samples are exposed varies.

Humidity chambers (design and preparation detailed in Chapter 5)* are used to
create specific humidity levels, ranging from 20 to 75% RH, based on supersaturated
solutions of different inorganic salts. Each MAPbBrs nanocomposite is maintained at

the desired humidity level for 10 minutes to initiate the crystallization process.

6.2.2 Structural, optical and electronic characterization.

For XRD, SEM, Absorbance and ATR-FTIR measurements all the details can

be found in the experimental sections of both Chapter 4 and 5.

TEM images are obtained using a Hitachi HT7800 microscope with a high-
resolution LaBs filament, operating at an acceleration voltage of 100 kV. TEM samples
have been prepared as described in Chapter 5. Crushed MAPbBr: nanocomposites are

deposited onto a carbon-coated (Cu/C) TEM grids using methyl acetate as a solvent.

For X-ray Photoemission Spectroscopy (XPS) characterization, high-resolution
XPS measurements are performed using a SPECS GmbH system (base pressure 1.0 x
10! mbar) equipped with an ASTRAIOS 190 2D-CMOS hemispherical analyzer.
Photoelectrons are excited using the Al-Ka line (1486.7 ¢V) from a p-FOCUS 500
monochromatic X-ray source (SPECS GmbH). Measurements are conducted at room

temperature with a pass energy of 50 eV.

6.3 RESULTS

6.3.1 Crystallization mechanism

The formation of nanocomposite films via the in situ synthesis of MAPbBrs NCs
within a Ni(AcO)2 matrix requires water to initiate the 3D perovskite crystallization,
as detailed in Chapters 4 and 5. To better understand water’s specific role in the
crystallization and passivation mechanisms (Figure 48), we examine the influence of
RH on nanocomposites at a 0.25:1 molar ratio of MAPbBr3:Ni(AcO): as described in

the experimental procedures section. RH exposure is essential not only for the growth
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of perovskite NCs, as it governs their size, but more critically, for initiating structural

phase transformations within the NCs, as described below.
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Figure 48. A schematic illustration of the crystallization process of MAPDBr3
nanocomposites, emphasizing the phase transformation initiated by humidity exposure

and the OH™ passivation mechanism that underpins their performance.

Films deposited under low RH conditions (< 20% RH) do not exhibit any PL
response. However, upon exposure to higher RH, they display bright green
luminescence. To investigate this transition, we subjected the samples to different RH
levels (as detailed in the Experimental Section). Figure 49a shows the PL spectra of
three samples prepared at 35%, 50%, and 75% RH, demonstrating a clear redshift in
PL as humidity increases. PL, PL excitation (PLE), and 1-Transmittance (1-T) spectra
for the same samples are presented in Figure 49b-d.

When both PLE and (1-T) signals stem from the same material, the spectra
should approximately align for NCs, as displayed by the RH 75% sample from 375 to
530 nm (Figure 49d). In contrast, a noticeable difference between PLE and (1-T)
spectra is observed for the sample generated at the lowest RH (35%) (Figure 50b).
Notably, while the PLE spectrum of the 35% RH sample is qualitatively similar to
those of the 50% and 75% RH samples, the (1-T) spectra differ substantially. The (1-
T) spectrum of the 35% RH sample shows strong absorption bands at 225 and 320 nm,
along with a weak, broad band at 400 nm. This suggests that a significant portion of
the 35% RH sample is not the luminescent 3D perovskite MAPDbBTrs, unlike the
samples formed at higher RH. Instead, the 35% RH sample contains an additional
phase with a distinct absorption band at 320 nm. This absorption band aligns with a
dip in the PLE spectrum of the MAPbBrs nanocomposite (Figure 49d), indicating that
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this additional phase is not photoactive and merely serves as a passive light absorber,

screening the excitation of the luminescent 3D perovskite. The broad absorption band

at 400 nm may partially correspond to the luminescent 3D perovskite.
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Figure 49. (a) PL spectra of MAPbBrs-Ni(AcO)2 nanocomposites prepared at
atmospheric humidity levels of 35% (sample 508), 50% (sample 520), and 75%
(sample 530). (b-d) PL, PLE, and 1-T (absorptance) spectra for these three samples.

For the MAPbBrs nanocomposite at 50% RH (Figure 49c), the PLE and (1-T)
spectra coincide within the 475-520 nm range but diverge at shorter wavelengths. The
shape of the (1-T) spectrum exhibits characteristics of luminescent 3D perovskite
MAPbDBTr3, although with notable contributions from other products, showing an

absorption maximum at 275 nm and a shoulder at 360 nm.

To further clarify the effect of RH on the optical properties of MAPbBTr3-
Ni(AcO)2 nanocomposites, we have tracked the absorbance spectra from 200 to 700
nm across various RH levels and exposure durations. Figure 50a illustrates the
progression under a 75% RH environment. Initially, only the characteristic absorption

band at 320 nm is observed within the first minutes of exposure.
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With prolonged exposure, a secondary absorption band emerges around 275 nm,
causing an apparent blue shift of the 320 nm absorption band, as seen in the inset of
Figure 50a, which will be further analyzed below. Simultaneously, the characteristic
absorbance band of the 3D-MAPDBrs semiconductor at approximately 520 nm
intensifies, reaching its peak after about one hour of exposure.
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Figure 50. (a) Absorption spectrum for a PbBr-+MABr+Ni(AcO)2 nanocomposite film
exposed to 75% RH at 25 °C for 1 hour. (b) Absorption spectra of PbBr2, Ni(AcO)z,
PbBr2+Ni(AcO)2, and PbBr2+MABr+Ni(AcO)2 forming the nanocomposite (75% RH,
with exposure times ranging from 0 to 60 minutes).

Figure 50b displays absorbance spectra of films of PbBr2, Ni(AcO)2, PbBrz +
Ni(AcO)z, and Ni(AcO)2-MAPbBrs nanocomposites exposed to 75% RH over varying
times. The absorbance spectrum of a PbBr2 thin film (orange line) shows a peak around
335 nm, which is absent in the other samples. Likewise, a Ni(AcO)2 thin film (green
line) does not show any absorption band in the studied spectral range. In contrast, a
PbBr2 + Ni(AcO): film (red line) exhibits a similar absorption band as PbBr2, but
shifted to 320 nm. Comparing these findings with the absorbance spectra of MAPbBr3
nanocomposites exposed to 75% RH at different times (Figure 50b), the 320 nm band
appears as early as t = 0 min, even when no signs of 3D MAPDbBTr3 are yet present. By
t = 30 min, the absorbance spectrum still includes a band at 320 nm, but an increase in
absorption within the 250-320 nm region and a tail in the 350-500 nm region are
characteristic of the 3D MAPbBrs phase. Thus, we attribute the band at 320 nm,
distinguishable in the MAPbBrs nanocomposites at various time intervals, to the wide
band gap of PbBrOH structure.*8-18 This phenomenon is influenced by the presence

of crystalline water in Ni(AcO)2-4H20, supported by results from co-depositing PbBr2
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and Ni(AcO)2 (Figure 60, Step (2)), which shifts the absorption band from 335 to 320

nm, compared to the bare PbBr2 sample.

A closer examination of spectral shifts in the absorption band at 315-335 nm
over prolonged exposure to 75% RH (see inset of Figure 50b) indicates the presence
of additional compounds in the films. Specifically, for MAPbBrs-Ni(AcO)2
nanocomposites at t = 0 min, the peak of the absorption band is at 320 nm, whereas at
t =30 min, it appears at 315 nm. This blue shift in the UV absorption band maximum
Is associated with the formation of a 0D phase in the MA-Pb-Br family, MA4PbBrs,
which is characterized by a distinct peak at 310 nm.1">184185 Several studies'®*18®
suggest that the transformation from 0D MA4PbBrs to 3D MAPDbBrs upon water
interaction is facilitated by an MABr-stripping reaction (see Figure 60, Step (3)). This
mechanism highlights water's role in destabilizing the OD structure, enabling MABr
removal and promoting the 3D perovskite phase formation. Thus, following deposition
at low RH (< 20% RH), a nanocomposite of 0D MA4PbBrs NCs embedded in
Ni(AcO): is created. When exposed to higher RH, the 0D NCs transform into 3D
MAPDBr3 perovskite structures, as illustrated in Figure 48. Unlike CssPbBrs,
MA4PbBrs is only stable as a complex with two water molecules, forming
MAPbBrs-2H20.17518 Therefore, the waters of crystallization in the Ni(AcO)2-4H20
precursor is essential for forming MA4PbBrs-2H20 at early crystallization stages, even
at low RH. Consequently, the observed absorbance bands around 310-330 nm strongly
support the coexistence of 0D MA4PbBrs-2H2-0 and PbBrOH in the nanocomposites.
Interestingly, although similar 3D/OD combinations are often described as type |
heterostructures that enhance radiative recombination through funneling®*¢, no
significant energy transfer is observed in the PLE measurements. This suggests that
the 0D phase and PbBrOH primarily serve as neutral UV filters. Therefore, gaining a
deeper understanding of the structural and compositional details of these coexisting

phases is essential 187181
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UV Light

Figure 51. SEM Images (a) Cross-sectional and (b) top-view of MAPbBr3
nanocomposite films. (c) Thin film photographs light comparison under UV and room
light.

SEM analysis of MAPDbBrs-Ni(AcO)2 nanocomposites reveals a uniform, dense
structure with smooth surfaces, as shown in cross-sectional and top-view images
(Figure 51). Regarding the morphology of the layers, SEM images show that the
Ni(AcO)2-MAPDbBrs nanocomposites (Figure 51c) exhibit a uniform and dense
structure. Cross-sectional analysis reveals a thickness of approximately 300 nm
(Figure 51a), while top-view images (Figure 51b) display highly smooth surfaces for
the MAPbBr3 nanocomposites. Attempts to obtain TEM images of the native structures
were unfruitful due to challenges in sample preparation. However, after exposure to
75% RH, TEM images revealed nanoparticles associated with 3D MAPDOBr3
perovskites (though no additional structures were observed). Figure 52a presents TEM
images of MAPDbBrs nanocomposites exposed to 75% RH. The images show black-
dotted nanoparticles of various sizes, which we associate with 3D MAPbBr3
perovskites. Unlike subsequent findings from absorption and XPS analyzes, the TEM
images do not reveal additional structures. This discrepancy may result from sample
handling or potential damage caused by the electron beam, which could obscure the

observation of native multicomponent structures.
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Figure 52. (a) TEM image and particle size distribution of MAPbBrs nanocomposites
prepared at 75% RH. (b) XRD patterns of as-synthesized MAPbBr3 nanocomposites
under varying relative humidity conditions.

The XRD diffraction peaks of nanocomposites exposed to 50% and 75% RH
(Figure 52b) correspond to the cubic Pm-3m crystal phase of MAPbBrs (JCPDS no.
00-0105). Specifically, peaks at 15°, 21.2°, 30.2° and 33.9° match the (100), (110),
(200) and (210) crystal planes, respectively. In contrast, films prepared under < 20%
RH do not show any crystalline patterns, indicating that MAPbBrs does not form at
low RH. This finding aligns with the optical properties shown in Figure 49, where the
formation of 3D NCs is associated with high RH conditions (> 50%). The
incorporation of a relatively low concentration of MHP precursors within the
amorphous matrix (in a 0.25:1 molar ratio of MAPbBrs to Ni(AcQO)2) presents
challenges for detecting minor and poorly crystalline byproducts, such as 0D MHP
and PbBrOH, during the initial stages using XRD. Additional complementary

characterization techniques are thus necessary to overcome this limitation.

As a route to gain a deeper understanding of this phenomenon, attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) is employed to
examine the impact of humidity on the nanocomposite structure. In contrast to XRD,
which identified the formation of MAPbBrs perovskite only at relative humidity levels
exceeding 50%, ATR-FTIR provides detailed insights into the molecular groups
present (Figure 53) even at lower RH levels exposure. The O-H vibrational band,
centered between 3600 and 3250 cm™, is observed across all samples, with its intensity
markedly increasing with rising humidity, eventually surpassing that of the N-H band
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(~3250-3000 cm ™). This trend indicates the early incorporation of OH species into the

material. Moreover, the substantial enhancement of the O-H band intensity with

increasing humidity supports the formation of an OH-capped configuration in the 3D

perovskites. This behavior, likely linked to an OH-driven passivation mechanism

(illustrated in Figure 60, Steps 4 and 5), is discussed further in the section dedicated to

the OH-mediated passivation process.
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Figure 53. ATR-FTIR spectra comparing MAPbBr3 nanocomposites at the different

RH studied conditions.

Moreover, XPS analysis can provide additional insights to supplement the

optical observations regarding the phase transformation from 0D to 3D perovskite and

the OH passivation mechanism.
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Figure 54. XPS fittings for the Pb 4f and Br 3d core levels at different RH stages for
MAPDbBrs nanocomposites and pure MAPDBTs.

Figure 54 displays the XPS spectra of the Pb 4f and Br 3d core levels for samples
prepared under <20%, 50%, and 75% RH conditions, as well as for pure MAPbBrs.
The spectra are deconvoluted using Voigt line shape peaks and Shirley backgrounds,
with Pb 4f doublets showing a spin-orbit splitting of 4.87 eV and Br 3d doublets with
a 1.04 eV split. The sample prepared at <20% RH shows a Pb 4f7/2 peak at 138.44
eV, indicating Pb-Br interactions. In the 50% RH sample, two Pb 4f doublets are
identified: a lower binding energy peak at 137.45 eV attributed to Pb-O interactions!8®
and a peak at 138.3 eV representing Pb-Br interactions. As noted, Pb-O interactions
may be associated with species involved in crystallization, such as PbBrOH (Figure
60, Step 2). In the 75% RH sample, the deconvolution also reveals two doublets
attributed to Pb-Br (137.23 eV) and Pb-OH (138.9 eV) interactions.'®® For pure
MAPDBTr3 prepared at 50% RH, the Pb-Br bond is seen at a binding energy of 137.55
eV.

Regarding the Br 3d core levels, the Br 3d5/2 binding energy for pure MAPbBTr3
is 67.35 eV, while it decreases progressively from 68.2 eV in the <20% RH sample to
67.75 eV at 50% RH and finally 67.2 eV at 75% RH. This gradual reduction in binding
energy in the Pb 4f and Br 3d peaks points to a weakening of the Pb-Br

interaction'®191 with the weakest Pb-Br interaction observed at 75% RH, similar to
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that in pure MAPDBrs. These features are consistent with the presence of
MA4PbBrs-2H20 (0D) perovskite in samples prepared at <20% RH, a mix of
MA4PbBrs-2H20 and MAPbBr3 at 50% RH, and predominantly MAPbBr3 at 75% RH.
Further analysis and quantification of the XPS spectra reveal a direct decrease in the
Br/Pb ratio in samples exposed to <20%, 50%, and 75% RH (Table 6). As RH
increases, the Br/Pb ratio decreases. This observation of Pb-OH interactions in the
75% RH sample, where only the 3D perovskite phase is present, suggests an OH-
capped perovskite passivation mechanism that effectively addresses Br vacancies,
potentially enhancing stability and improving PL. Thus, these findings align well with
the proposed transformation mechanism of nanocomposites upon water exposure, and

are fully consistent with changes observed in optical properties.

Table 6. Stoichiometry parameters based on XPS Fit analyzes for the Pb 4f and Br 3d
cores. Stoichiometric ratio among Br/Pb calculated from the XPS data

Peak Area Atomic percentage
S(aénﬁ)le Sto. Ratio
Pb4f Br3d Pb4f  Brad e b T T—T— T
o {1 0o
<20% 12316 86208 1514 8486 PbBrs & , | ;
o |
Qo 1
50% 2489.7 1349.1 18.73 81.27 PbBrsss ® . %
£ 4+ =
o - o]
s 0
75% 27815 13334  20.67 79.33 PbBrags 0 ] ]
n 3 T T T T
Pure RH<20% RH50% RH75% MAPbBr,
MAPbBI3 21321 937.7 22.12 77.88 PbBrss;

Analysis of the Ols and C1s core-level spectra (Figure 55) offers additional
insights into the presence of hydroxyl (O-H) groups contributing to the passivation
mechanism (Figure 60, Steps 1 and 4), though overlapping with other species, such as
carbonyl groups (C=0), complicates interpretation. To clarify, we calculated the
O/CC=0 ratio, as derived from XPS by integrating the C 1s peak attributed to C=0
(CC=0) and the main O 1s peak.

The study of the O1s and C1s core-level spectra (Figure 55) helps to identify O-
H groups involved in passivation (Figure 60, Steps 1 and 4). As shown in Figure 55,
the O 1s core-level peak in pure MAPbBr3 perovskite is dominated by a single
component at 532.3 eV, attributed to OH groups formed in humid conditions.%
Conversely, the C 1s core-level spectra of this sample reveal a single peak at 285.0 eV,
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corresponding to adventitious carbon on the surface. For NCs synthesized in acetate-
rich environments, the O 1s XPS spectra shows an intense, broad peak around 532 eV,
similar to that observed in bulk perovskites. Only a minor additional O 1s signal is
resolved in samples prepared at 50% RH, attributed to Pb-O local environments. The
O 1s peak at 532 eV in the XPS spectra from samples grown in acetate-rich
environments likely indicates the incorporation of O-H groups during synthesis,
though other oxidized species on the sample surface cannot be ruled out. The C 1s
spectra of these samples show a prominent component attributed to carbonyl carbon
(C=0) from the acetate precursors. Any O 1s XPS signal from C=0O groups would

overlap with that from O-H groups.

Table 7. Stoichiometric parameters from XPS Fit analyzes for C 1s and O 1s core-

levels related to acetate groups.

Peak Area Atomic percentage o/C

Sample Atomic
(RH) ¢ 15(Cc=0) 01s C 1s (C=0) 01s e
<20 % 244.47 3374.45 175 82.5 4.71
50% 420.41 2165.1 36 64 1.77
75% 534.6 2975.6 34 66 1.94

To distinguish the presence of O-H in samples prepared in acetate-rich environments,
we calculated the atomic O/CC=0 ratio from XPS by integrating the C 1s peak
attributed to C=0 (CC=0) and the primary O 1s peak. The results (Table 7) show that
a significant portion of the main O 1s XPS peak in samples prepared in acetate-rich
environments originates from O-H, supporting the inclusion of hydroxyl (O-H) groups

involved in the passivation mechanism.
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Figure 55. XPS fittings for the O 1s and C 1s core-level spectra for MAPbBTr3
nanocomposites and pure MAPDbBr3 under different RH conditions.

6.3.2 OH-mediated passivation mechanism

Given that the PL properties of in situ synthesized MAPbBr3 nanocomposites
are highly dependent on RH during crystallization, a key question is how different
atmospheres affect the system's photophysics.

Lab Set-up

Light
Source

e
|

Figure 56. Illustration of the laboratory gas setup used for dynamic passivation studies.
The photograph on the left shows the physical lab setup, while the schematic on the
right depicts the gas flow configuration.

To investigate this, we have examined nanocomposite samples prepared under
75% RH (with a PL maximum at 532 nm) and 50% RH (with a PL maximum at 515

nm). Figure 57 shows the corresponding PL spectra and decay kinetics measured
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sequentially under different atmospheres (O2, Nz, air, and vacuum). All measurements
were conducted in an optical gas flow cell (Figure 56) at atmospheric pressure with

~30-minute intervals to stabilize emission parameters.
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Figure 57. PL spectra (a, d), PL decay kinetics (b, e), and corresponding insights (c, f)
for the MAPDbBrs nanocomposite samples at 75% RH (a-c) and 50% RH (d-f),
measured in an optical flow cell under various gases at atmospheric pressure (ambient
air, N2 and O: from a cylinder). Vacuum measurements were conducted in a metal

cryostat.

For both samples, the highest PL is observed under ambient air conditions, with
results indicating a strong influence of atmospheric conditions on PL parameters for
both RH levels. For the 75% RH sample, Figure 6a shows that PL intensity decreases
by approximately 3 and 6 times when the optical cell is filled with dry N2 and O: gases,
respectively. In vacuum, the PL integral intensity drops about 20-fold compared to its
initial level in air, accompanied by a notable reduction in PL decay kinetics (Figure
57b). When the optical cell is filled back with air, the PL intensity is restored to

approximately half of the initial value.

This partial recovery is further analyzed and attributed to the degradation process
(Figure 60, Step 6), which occurs due to prolonged exposure of the 3D NCs to a high
RH of 75%.¢ To investigate potential changes in absorption, we have also monitored
the transmittance spectrum of the sample under both vacuum and ambient air
conditions (Figure 58). The results reveal no significant variations across the cycles,

indicating that the structure of the 3D NCs remains stable and does not revert to the
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original 0D phase. Consequently, all observed changes must be attributed exclusively

to PL quenching.

300 400 500 600 700 800
Wavelength (nm)

Figure 58. 1-Transmittance of a MAPbBrs nanocomposite at 75% RH at vacuum and
air conditions.

The sample prepared at 50% RH shows a similar trend in PL behavior under the
same atmospheric sequence. When switched from air to dry N2 and Oz, PL intensity
decreases by factors of 1.4 and 1.9, respectively (Figure 57d). Under vacuum, the
integrated PL intensity further declines by approximately 6.7 times. These changes are
also associated with shortened PL kinetics (Figure 57e). Upon re-exposure to
atmospheric air, the PL intensity and decay kinetics nearly revert to their original

values (Figure 57d and Figure 57e, dotted lines).

The decrease in PL lifetime from air to Oz, N2, and vacuum (Figure 57b and
Figure 57e) does not correlate directly with the reduction in overall PL intensity
(Figure 57a and Figure 57d). For both samples, the PL decay kinetics are highly non-
exponential in all atmospheres except vacuum, with long-lived components likely
related to trapping-detrapping processes.!*? We therefore use the "primary lifetime"
(tpr) as a parameter to characterize the charge recombination rate within the
nanocomposites. This primary lifetime is obtained through mono-exponential fitting
of the initial decay phase. For the 75% RH sample, the "primary lifetimes" T, under
air, N2, Oz, and vacuum conditions are 8.95, 5.42, 5.94, and 1.62 ns, respectively (see

Figure 57c and Table 8). The quenching coefficients, calculated as t,.(air)/t,(gas), are
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1.65, 1.51, and 5.52 for Oz, N, and vacuum, respectively. These values are
significantly lower than the 2.72, 5.74, and 22.14 obtained from the integral PL rates
under these conditions. Qualitatively similar results are observed for the 50% RH
sample (see Figure 57f and Table 8), indicating that PL decay kinetics do not capture
all PL quenching mechanisms. To explain these findings, we suggest that in the
absence of OH™ passivation, PL quenching may occur in two forms: (i) instantaneous
or static (using molecular fluorescence terminology) and (ii) dynamic. Luminescent
centers undergoing instantaneous quenching do not have time to emit luminescence
before being quenched. Therefore, they are visible in the luminescence decay kinetics
of the entire ensemble of emitters by a drop in the amplitude of the decay kinetics. In
contrast, dynamic quenching results in shorter luminescence decay times without
reducing amplitude. Basic kinetic measurements can help estimate the fraction of NCs
affected by static quenching when passivating ligands are absent. Indeed, if TRPL
measurements in air and vacuum are conducted under identical excitation and
detection conditions, then the integrals under the decay kinetics should be proportional
to the respective PLQY. The ratio of the decay integrals in air versus vacuum is 22.94
(Figure 59), closely matching the 22.14 ratio of steady-state PL intensities (Table 8).
Furthermore, the fraction of NCs completely quenched can be derived by comparing
the amplitude reduction in PL decay kinetics in vacuum relative to air, both measured
under the same conditions. Figure 59 shows that the amplitude of quenched PL kinetics
in vacuum is 32% of the PL signal amplitude in air, indicating that after removing
adsorbed water molecules in vacuum, 68% of the NCs experience complete PL loss

through static quenching.
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Figure 59. PL decay kinetics analysis for a sample at 75% RH at the same excitation
and detection conditions.

Based on these findings, we conclude that the removal of water from MAPDbBr3
nanocomposites through a reduction of ambient humidity results in the loss of the
passivating agent responsible for high PLQY under air and humid conditions. The
most extreme case is observed in vacuum, where PL quenching is at its highest. When
using gas carriers like N2 and Oz, a less pronounced decrease in PL occurs, as these
gases desorb water molecules to a lesser extent and at a slower rate than vacuum. This
trend clearly suggests that adsorbed water molecules may serve as passivating agents,

consistent with an OH-capped equilibrium passivation mechanism (Figure 60, Step 5).

Table 8. PL Decay monoexponential fittings and PL Integral Intensity for the
nanocomposite MAPbBTr3 specimen. Data from Figure 57.

Air N2 O2 Vacuum

75% RH 1pr (ns) 895 542 594 162
75% RH tpr (air)/ Tpr 1 165 151 552
75% RH PLint(air)/PLint 1 272 574 2214
50% RH pr (nS) 884 6.69 594 195
50% RH tpr (ir)/ Tpr 1 132 149 453
50% RH PLint(air)/PLint 1 14 19 67

In contrast, these results cannot be explained by the formation of a type |
heterostructure (with a wider bandgap 0D phase A4BXs or a water-induced byproduct

like lead bromide hydroxide, PbBrOH), a commonly cited explanation for the high
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PLQY of 3D ABXa in literature.'®31% If a type | heterostructure were responsible, an
effective energy transfer from the 0D to the 3D phase would be expected, which is not
observed in the PLE of the 3D phase: the 0D phase in the 0D/3D mixture acts as a
neutral filter, absorbing UV radiation similarly to the wide-bandgap compound
PbBrOH. Therefore, we conclude that wide-bandgap crystalline structures, such as 0D
MA4PbBrs and PbBrOH, do not significantly contribute to increasing the PLQY of the
3D phase through passivation. Instead, the enhanced PLQY is primarily driven by the
in-situ generation of hydroxide ions, which effectively passivate the MAPbBr3

nanocrystals.

Degradation /F’b\ (1)

pr‘OdUCtS
- CH,COO-+ H,0 — CH,;COOH + OH-
3C—NH3 Br 3 3

4 H,0O H,O
MABr + PbBrOH — OH-capped-MAPbBTr, MA,PbBrg-2H,0

PbBroH
vacuum (‘ (5) air \4
*+H:0 MABr stnppmg

non-capped MAPbBr;

Figure 60. Schematic representation of the sequential chemical steps and reactions
governing the crystallization mechanism of MAPbBrs nanocomposites within a
Ni(AcO)2 matrix: (1) hydrolysis of acetate ions, leading to an increase in OH™
concentration, (2) formation of the 0D perovskite phase and PbBrOH, (3) MABr-
stripping mechanism triggered by water interaction, (4) phase transition from 0D to
3D (OH-capped) perovskite, (5) reversible binding and unbinding of OH-capped
perovskite NCs upon water removal, and (6) excessive water exposure resulting in
precursor formation and degradation products.

Based on experimental evidence and analysis, we propose the formation
mechanism illustrated in Figure 60. The process begins with the emergence of the 0D
MA4PbBrs-2H20 structure, driven by the interaction between MABr and PbBr2 in the
presence of crystallization water from Ni(AcO)2:4H20 (Step 2). At the same time,
PbBrOH forms as an intermediate due to OH™ generation via an acid-base reaction

between acetates and water (Step 1). In this mechanism, acetate (CH3COO") acts as a
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relatively strong base, accepting H" from water and facilitating OH~ generation. These
OH™ ions then bind with excess Pb** to form PbBrOH (Step 2), concurrent with the
formation of MA4PbBrs. Efforts to use other nickel salts (e.g., NiSO4-6H20,
NiBrz:3H20, Ni(CH3S03)2, Ni(SO3sNH2)2:4H20, Ni(PhSO3)2:6H20, Ni(OH)2) did not
yield similar results, as they lacked either crystallization water, suitable counterion

basicity, or both.

As humidity increases, a "MABr-stripping” reaction occurs, removing
methylammonium bromide (MABr) and promoting the transformation from 0D
MA4PbBrs to 3D MAPbBr3 (Step 3) by establishing the correct stoichiometry for
MAPDBTr3 formation. Hydroxide ions (OH"), produced through water interactions with
acetate, bind to the surface of the newly formed MAPDBTs3, creating an OH-capped 3D
perovskite structure that enhances stability and PL performance (Step 4). The
passivation process is reversible, facilitated by the dual acid-base nature of the acetic
acid/acetate system, which enables the system to switch between the non-capped
MAPDbBrs and the OH-capped MAPbBr3 configurations (Step 5). However, the
transition from the 3D NCs back to the OD phase is irreversible. The removal of water
under vacuum conditions results solely in PL quenching, without inducing any changes
in the sample's transmittance (Figure 58). With prolonged H20 exposure, the 3D
MAPbDBTr3 phase eventually degrades, leading to perovskite lattice breakdown and the
formation of degradation byproducts (Step 6). To validate the final step of the proposed
mechanism, the evolution of PLQY and XRD patterns is monitored over time under
75% RH. The temporal progression of PLQY is presented in Figure 61a, while Figure
61b illustrates the corresponding XRD patterns at different crystallization intervals.
The PLQY of the nanocomposite sample reaches a maximum of approximately 80%
after 30 minutes, followed by a gradual decline with continued exposure. Over a
comparable timescale, a five-fold reduction in XRD peak intensities is observed,
corroborating that prolonged exposure to high RH conditions ultimately degrades the

ionic structure of the perovskite.
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Figure 61. Monitoring the crystallization dynamics of a MAPbBrs nanocomposite at
75% RH through the evolution of PLQY and XRD profiles.

Building on the preceding analysis, acetate’s basicity is critical for the
passivation mechanism, as it generates OH™ in situ, which binds to the MAPbBr3
nanocrystal surfaces. Its strong basic character in aqueous environments effectively
promotes OH™ formation, aiding in the stabilization and passivation of the perovskite
structure. This dual acid-base character of the acetic acid/acetate system is essential

for driving the hydroxide-mediated reactions in the system.

6.4 CONCLUSIONS

In summary, in this chapter we present a refined understanding of the
crystallization dynamics of methylammonium lead bromide perovskite NC phases
through an in-situ synthesis approach under controlled humid conditions. Contrary to
the typical quenching effect of H.O on MHPs, we demonstrate that humidity,
particularly above 20% RH, promotes the transformation of OD structures into 3D
perovskite NCs in the presence of acetate-rich matrix. At lower humidity levels,
synthesis primarily yields non-emissive 0D perovskite and PbBrOH, while higher RH
supports the formation of 3D NCs. A detailed analysis of the PLE spectrum showed
no significant energy transfer, suggesting that the OD phase and PbBrOH act as neutral
UV filters. Consequently, we conclude that the wide-bandgap crystalline structures
(OD MA4PbBrs and PbBrOH) do not significantly contribute to increased PLQY in the
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3D phase through passivation. Instead, the enhancement in PLQY is primarily due to
the in-situ generation of hydroxide ions, which effectively passivate MAPDbBr3

nanocrystals.

Importantly, we have identified the crucial role of water and acetate basicity in
controlling crystallization dynamics and producing OH™, which acts as a passivator,
enhancing the optical properties of NCs. Extensive studies on PL and PL decay
kinetics of MAPbBr3 nanocomposites under various gas environments confirm that the
reversible removal of water molecules from NCs leads to substantial PL quenching.
Our findings indicate that the in-situ-generated OH™ is essential for improving the
stability and optical performance of perovskite NCs. We believe that our work will
pave the way for a deeper understanding of the role of passivating agents in advancing

perovskite applications in optoelectronic devices.
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Chapter 7: Rapid and Straightforward
Synthesis of CsPbls; PSCs via
Nickel Aetate Incorporation

In this chapter, we explore the innovative use of nickel acetate in the preparation
of all-inorganic PSCs. Building on the versatility, simplicity, and effectiveness of
nanocomposite-based materials —examined in detail in previous chapters— in
enhancing the properties of perovskite NCs, we have leveraged this approach for solar
cell fabrication. Chapter 7 focuses specifically on the stabilization of wider bandgap
perovskites, such as CsPbls, using nickel acetate. This method introduces a novel
strategy for achieving improved material stability and evaluates the resulting
performance of these perovskites in PV devices. The findings presented throughout
this chapter are derived from and correspond to those reported in an article that is being

prepared for submission.
ABSTRACT

Stable inorganic perovskite CsPbls has emerged as a promising alternative to organic-
inorganic hybrid perovskites, due to its thermal stability and appropriate bandgap (~1.73 eV)
for single-junction and tandem solar cells in indoor and outdoor applications respectively. The
formation of CsPbls films with large grains and low trap densities are essential for high-
performance and stable solar cells. In this chapter, a novel synthesis strategy is presented,
incorporating varying amounts of nickel acetate (Ni(AcO)2) into a pure DMSO CsPbls
precursor solution. The addition of nickel acetate results in stable y-CsPbls (black phase)
nanocomposite perovskite films, confirmed by XRD analysis. The absence of residual Pbl2
further supports the enhanced efficiency achieved with nickel acetate compared to pure
CsPbls. Using a DMA/HI-free approach, the top device with 0.1 M Ni(AcO)2 concentration
reached over 12% PCE in an n-i-p mesoscopic configuration, with a lifespan exceeding 600
hours at MPPT and minimal losses (<20%) without encapsulation under controlled inert
conditions. Efficiencies over 15% and 17% were achieved under cool and warm white
illumination, respectively, showing potential for indoor energy harvesting. Life cycle
assessment (LCA) indicates a 70% reduction in GWP and the elimination of hazardous
chemicals like DMF and toluene, though Ni(AcO)2-4H20 and Pbl2 remain in the absorbing

layer.
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7.1 INTRODUCTION

As detailed in Chapter 3, the interest in MHP solar cells has grown significantly
within the PV community, driven by their impressive PCEs and potential for cost-
effective, easy fabrication. Since their introduction in 2009, when initial efficiencies
were around 3-4%,'® advancements in this technology have rapidly increased PCE
values, with the highest certified efficiency now reaching 26.1%.'® These materials
typically feature a structure composed of organic and inorganic cations such as
methylammonium (MA®), formamidinium (FA™), and cesium (Cs™) within a metal
halide framework. However, despite their high efficiency, hybrid perovskite structures
suffer from stability issues that limit their long-term viability. As a necessary
requirement prior to their commercialization, solar modules must withstand various
operational stresses, including temperature, light exposure (visible and UV), and
electrical bias, all of which are critical concerns for their stability, as outlined in the

standard ISOS stability protocols.*19>-1%

In recent years, fully inorganic cesium lead halide perovskites, particularly
CsPbls, have emerged as promising candidates due to their exceptional thermal
stability.%%-20% CsPbls is especially appealing because of its 1.73 eV bandgap, making
it suitable for double-junction perovskite/silicon tandem solar cells or for single
junction indoor applications.'%>2042% Cyrrent record PCEs for lab-scale all-inorganic
perovskite absorbers are around 21%.2072% However, CsPbls faces significant
challenges in maintaining a stable perovskite phase in ambient conditions due to its
small ionic radius, leading to structural instability. This structural instability poses a
significant hurdle for their practical use in long-term PV applications.?®® Moreover,
the high annealing temperature required in some synthesis methods to obtain the a-
CsPbls phase (>350 °C) restricts its compatibility with different device substrates and
CTLs.206210.211 Therefore, low-temperature processing is crucial for improving tandem
solar cell fabrication, reducing energy consumption, enhancing reproducibility, and

enabling industrial scalability.?

Several strategies have been reported to stabilize CsPbls black phases, including
solvent engineering,?*2213 surface passivation techniques to modify surface tension,?%*
dimensionality engineering (such as scaffold confinement,?*> nanocrystal colloidal
methods,?®? and quasi-two-dimensional approaches with large cations?!62'7) and

chemical engineering (involving small molecules?'®-?22 and ionic incorporation that

Chapter 7: Rapid and Straightforward Synthesis of CsPblI3 PSCs via Nickel Aetate Incorporation 133



partially replace lead with other divalent cations (CsPbxMz.xI3)?% or substituting some
iodide with bromide?*). Currently, one of the most efficient low-temperature
strategies is the addition of dimethylammonium iodide (DMAI) to form (DMAxCsi-
x)Pbls. DMAI has been shown to stabilize the CsPbls black phase, influencing
crystallinity and grain size.??? This was first reported in 2015, by the introduction of
hydroiodic acid (HI) as an additive,?® which was later identified as generating DMAI
through the decomposition of DMF via acidic hydrolysis catalyzed by HI.22® However,
achieving phase transitions and fully volatilizing organic additives often requires high
annealing temperatures (>330 °C) for CsPbls.??” In contrast, high-efficiency CsPbls
perovskites with over 20% performance have been fabricated at lower temperatures
using DMAI derivatives.? This has led to ongoing debates regarding whether DMAI-
assisted CsPbls perovskites are truly inorganic or represent DMAxCs1-xPbls mixed-

cation or "cesium-rich" systems.??"228

In this context, the novel approach described in the previous Chapters 4, 5 and 6
has demonstrated the significant potential of a nickel acetate-based matrix for the in-
situ generation and stabilization of PNCs.}*¢22® Building on these findings, we
explored the matrix's applicability in the fabrication of PSCs, particularly focusing on
materials that present challenges due to their metastable polymorphic nature. In this
chapter, we have studied and developed a promising strategy using a DMSO-only,
DMA/HI-free precursor solution that incorporates nickel acetate to crystallize the y-
CsPbls in a nanocomposite form. In contrast to undoped CsPbls, we show a clear
correlation between the concentration of Ni(AcO)2 and the stabilization of the y-CsPbls
black phase. XRD analysis confirms the role of Ni(AcO)z in the crystallization process,
while Energy-dispersive X-ray (EDX) analysis shows a uniform distribution of
Ni(AcO)2 across the perovskite grains. SEM reveals the impact of annealing
temperature on grain size in the perovskite absorber layer. JV curves analysis further
identifies an optimal concentration threshold for device performance without
compromising conductivity. The best device, incorporating 0.1 M of Ni(AcO)z,
achieves over 12% PCE in an n-i-p mesoscopic configuration, with more than 600
hours of operation at MPPT and minimal losses (<20%). Additionally, it demonstrates
PCE over 15% and 17% under cool and warm white light, respectively, showcasing
its potential for indoor applications. The Life cycle assessment (LCA) of this process

for CsPbls solar cell fabrication reveals a 70% reduction in global warming potential
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(GWP) compared to the state-of-the-art. The results show minimized environmental
impacts across most categories, despite the presence of Ni(AcO)2-4H20, which has
low toxicity compared to Pblz. The studied DMSO-only, DMA/HI-free method avoids
hazardous substances such as DMF, toluene, and TOPO, which are used in
comparative synthesis approaches. However, caution is advised as Ni(AcO)2:-4H20

and PDblz remain in the absorber layer.

7.2 EXPERIMENTAL PROCEDURES

7.2.1 Chemicals and Substrate preparation

Chemicals

Csl (99.999%, Sigma-Aldrich), lead(ll) iodide (Pblz, 99.99%, TCI), dimethyl
sulfoxide (DMSO, 99.9%, Sigma-Aldrich), isopropanol (IPA, 98%, Avantor),
chlorobenzene (99.8%, Sigma-Aldrich), tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)cobalt(l11) tri[bis-(trifluoromethane) sulfonimide] (FK209, Sigma
Aldrich), 30 NR-D Transparent Titania Paste (GreatCell Solar Materials),
bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI, Sigma-Aldrich), ethanol
(99.9%, Merck), spiro-OMeTAD  (Lumtec), titanium  diisopropoxide
bis(acetylacetonate) (TIAP, 75 wt % in isopropanol, Sigma-Aldrich), 4-tert-butyl
pyridine (tBP 98%, Sigma-Aldrich), nickel (11) acetate tetrahydrate (Ni(AcO)2, 99%

Thermo Scientific Chemicals). All chemicals are used as received.
FTO substrates cleaning

Unpatterned FTO substrates (TEC 15, Ossila, with dimensions 2 cm x 1.5 cm)
are numbered on the back side (glass side). Substrates are cleaned with 2% Extran
solution with a very fine brush to clean the FTO surface, then washed with distilled
water to remove soap contents. Afterwards cleaned with ethanol, acetone and
isopropanol for 15 min by sonication. After drying with a nitrogen gun, the substrates
are placed in a UV-ozone cleaner for 15 minutes right before the titanium oxide layer

deposition.
Solution preparation
e 2% Extran solution is made by mixing 20 mL in 1000 ml distilled water.

e TiO2zsolution is prepared by adding 1000 uLL TIAP into 9 mL of ethanol.
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e 1.5 M Csl solution is prepared by dissolving 1.063 g of Csl solution in 2.726
ml DSMO solvent. The mixture is stirred 30 minutes until complete

solubilization of Csl to get the solution.

e To get 1.3 M CsPbls solution, 2.274 ml Csl solution is added in 1.145 g Pbl2

salt and stirred for 30 min at 80 °C until it completely dissolved.

e To make 1.3:0.1 (molar ratio) CsPbls:Ni(AcO)2 solution, 1 ml above CsPbls
solution is added to 0.025 g of Ni(AcO)z and stirred for 30 min until a clear,

green-yellowish perovskite solution is formed.

e A 70 mM solution of spiro-OMeTAD is prepared by dissolving 90 mg spiro-
OMeTAD in 982.26 puL chlorobenzene with 35.5 pL tBP, 20.40 ul LiTFSI with
a stock solution of 520 mg/ml in acetonitrile, and 22.22 ul FK209 with a stock

solution of 375 mg/ml in acetonitrile.

7.2.2 PSCs Fabrication

TiO, compact layer

TiO2 compact layer is deposited by spray pyrolysis with oxygen as the carrier
gas. One edge of each substrate is covered by around 5 mm using a guided-metal
holder containing the substrates of conductive FTO to avoid the side being exposed.
Then the substrates are heated up to 450 °C and kept at this temperature for 15 min
before and 30 min after the spray of the precursor solution. The whole solution is
transferred into a spray nozzle and sprayed at roughly 25 cm away from the substrates
with an inclination angle of 45 degrees, with at least 20 seconds of delay between each
spraying cycle. Afterward, substrates are left for cooling down to room temperature

and then put in an ozone chamber for 15 minutes before perovskite film deposition.
TiO2 mesoscopic layer

TiO2 compact layer is deposited by spin coating. The as-prepared TiO2 compact
layers are coated using 70 mL of 30-NRD titania paste solution (150 mg mL™ in
ethanol). The spinning time is set at 20 s at 4000 rpm. Following the deposition step
the substrates are annealed all at once starting from 100 °C as sequentially deposited
and then heated up to 450 °C for 30 min.

Deposition of control perovskite films
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After the ozone treatment, substrates are transferred into a glove box filled with
nitrogen (02<0.1 ppm, H20 <0.1 ppm). The substrates are placed on a hot plate at 100
°C for 5 min before perovskite deposition. 50 pL perovskite solution is added and spin-
coated quickly at 4000 rpm for 40 seconds. The wet films are then annealed at 75 °C
for roughly 10 s and then transferred to a different hot plate at 200 °C for a 10 s fast

crystallization.
Hole Transport Layer (HTM) deposition

50 ul spiro-OMeTAD solution is dynamic-deposited by spin coating at 4000 rpm
for 20 seconds accelerating at 800 rpm/s depositing the solution after 3 s starting the
program. Afterward, all the samples are transferred into a dry air box (RH <20%) for

oxygen soaking overnight.
Deposition of metal contact

Gold is evaporated using a thermal evaporator under a vacuum of approximately
106 mbar. The deposition rate is programmed at 0.02 A/s for the first 1 nm, 0.1-0.2
AJs for the following 5 nm, then 0.5 A/s until 20 nm and then 1A/s for the rest of the

deposition. Overall, it takes around 25 min for the deposition of 80 nm of gold.

7.2.3 Structural and Optical Characterization

Morphological analysis has been performed using the same SEM equipment
from previous chapters 4 and 6. The crystalline structure is determined through XRD
using a PANalytical Empyrean diffractometer with Cu Ka radiation (A = 1.5406 A),
covering a Bragg angle range of 4-60° with a step size of 0.026°. UV-vis absorption
measurements are conducted the same instrument from Chapters 4, 5 and 6. PL spectra
have been obtained using a continuous-wave (CW) GaN laser (404 nm), with PL
characterization carried out on an Edinburgh Instruments FLS 1000 spectrometer,
which features a double-grating Czerny-Turner monochromator for both excitation
and detection. The detection system, equipped with a high-speed photomultiplier tube
(PMT) housed in a cooled environment, is used to record steady-state PL spectra. XPS
measurements are conducted using a Thermo Scientific K-alpha system (base pressure
4x107° mbar), with photoelectrons excited by the Al K-a line (1486.6 e¢V) from a
monochromatized X-ray source. Data have been collected at room temperature with a

pass energy of 20 eV and a spot size of 400 pum.

Chapter 7: Rapid and Straightforward Synthesis of CsPblI3 PSCs via Nickel Aetate Incorporation 137



7.2.4 Electrical Characterization

J-V curve measurements are performed under ambient conditions using an
Ossila class AAA solar simulator and an automated J-V measurement system
(T2003B3-G2009A1). The light intensity is calibrated to 1 sun (100 mW/cm?) using a
certified Si solar cell (RERA Solutions, RQN3290, RQNO001). Measurements are
conducted without encapsulation at approximately 30 °C and a relative humidity (RH)
of less than 10%, with the active device area defined by a mask (0.026 cm?).

The MPPT of the solar cells is evaluated in a nitrogen (N2) atmosphere. The
stability protocol involved recording an initial J-V curve to determine the maximum
power point voltage (Vmax), which is then applied to the cell for one hour under
continuous illumination. After each hour, a new J-V curve has been measured to
update the Vmax, which is then applied for the subsequent hour. Solar cell parameters
are monitored and recorded after each J-V measurement throughout the MPPT process.
Indoor illumination conditions have been achieved using the same Ossila class AAA
solar simulator, selecting the “Cool White” and “Warm White” LEDs from the

software.

7.3 RESULTS

To fabricate y-CsPbls nanocomposite films, we employ a solution-based
approach similar to that used in the previous chapters. The process begins with
preparing a precursor solution containing Csl, Pblz2, and Ni(AcO): dissolved in DMSO,
which is subsequently spin-coated onto a substrate. After spin-coating, the film
undergoes rapid annealing to facilitate the crystallization of y-CsPbls. Figure 62
provides a schematic of the general synthesis process for the nanocomposite,
illustrating the preparation of CsPbls and highlighting the role of the Ni(AcO)2 additive

in promoting the crystallization of the perovskite nanocomposite.
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Figure 62. Synthetic approach for CsPbls nanocomposites, emphasizing the impact of
Ni(AcO)2 doping on perovskite crystallization.

The effect of Ni(AcO)2 concentration and annealing time on the optical
properties of perovskite films is studied at an annealing temperature of 200°C. The
CsPbls concentration is kept constant at 1.3 M for all conditions to ensure a consistent
evaluation of the impact of varying nickel concentrations on the final layer properties.
Annealing at 200°C is selected due to the transition temperature for the formation of
the y-phase starting at 175°C and to ensure the complete removal of DMSO, which has
a boiling point of 189°C. Figure 63a shows photographs of films with different

Ni(AcO)2 concentrations and annealing times at 200°C.

Absorption measurements (Figure 63b) reveal that annealing times under 5
seconds (for a 0.1 M Ni(AcO)2 concentration) result in inefficient conversion to the y-
phase, while annealing times exceeding 20 seconds lead to phase degradation from y-
CsPbls to the non-perovskite yellow phase (6-CsPbls), as shown by decreased
absorption. With lower Ni(AcO)2 concentrations (less than 0.1 M), incomplete
transformation to y-CsPbls is observed, which is confirmed by XRD analysis
(discussed in the next section). Based on these findings, we selected a set of conditions
for the control and target samples. The control sample consists of pure 1.3 M CsPbls,
and the target sample is a 0.1:1.3 M CsPbls:Ni(AcO)2 nanocomposite. The optimal
annealing conditions (OAC) for both samples are set at 200°C for 10 seconds. A
comparison of their optical properties is shown in Figure 63c. The control sample does
not show PL, whereas the target sample exhibits a PL peak centered around 720 nm.
The 0.1 M Ni(AcO)z concentration, corresponding to less than 10 wt.%, is identified
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as the critical threshold for maintaining both crystallinity and optimal current densities
(as shown in the J-V curves in Figure 69b). Beyond this threshold, current density
significantly decreases, likely due to reduced charge carrier mobility caused by
excessive nickel content. This excess nickel reduces grain interconnectivity, which
impairs the suitability of the material for PV applications, as detailed in subsequent
sections.
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Figure 63. Impact of annealing time and concentration on CsPbls films (a)
Photographic images of pure undoped and Ni(AcO)2 doped CsPbls films annealed at
200 °C at different times and for increasing Ni concentrations. (b) Annealing time
dependency in absorbance spectra for the target concentration at OAC. (c) Absorbance
and PL spectra comparison for the control and the target nanocomposite. (d)
Nanocomposites absorbance spectra vs. Ni(AcO)2 concentration at OAC.

Figure 63d displays the absorption measurements of the nanocomposite at
different concentrations under the same annealing conditions. The bandgap of the
CsPbls:Ni(AcO): thin films (Table 9) is calculated from the absorption spectra shown
in Figure 63d. To determine the bandgap, we have simulated the spectra near the band-
edge of the absorption curve (Figure 64) according to Elliott’s formula?:
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In this expression, Ao is the photon energy, the term Pev iS @ constant related to
the transition matrix element, 6 and 6 are the Heaviside and Dirac delta functions,

respectively, Rex is the exciton binding energy, n is the principal quantum number and

. . R
x is defined as x = ex
(hw-Eg)

The first and second terms correspond to the continuum and excitonic absorption
band, respectively. Each of those terms are convolved with gaussian functions to

account for inhomogeneous broadening.

Table 9. Concentration dependency for the bandgap of CsPbls nanocomposites

estimated by Elliot’s Formula.

Ni(AcO)2 (M) Bandgap (eV)
0.05 1.703
0.1 1.704
0.3 1.719
0.5 1.731
0.8 1.732

The calculations reveal a clear trend in the absorption spectra, where increasing
the concentration of Ni(AcO): leads to a shift in the optical bandgap toward higher
energies. We attribute these findings to the presence of significant random-disturbed
microstrain across the perovskite grains.?®! This strain, indicated by the broadening of
XRD peaks (discussed in the following section), plays a critical role in enhancing the

stability of the y-CsPbls phase.
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Figure 64. Absorbance spectra of the CsPbls-Ni(AcO)2 nanocomposite thin-films and
the fitting curve obtained by Elliott’s formula.

To investigate the structural impact of incorporating varying concentrations of
Ni(AcO)z into a 1.3 M CsPbls perovskite precursor solution, we have performed XRD
studies on the resulting nanocomposites. The XRD analysis is conducted at different
annealing temperatures (using the OAC time of 10 s) and Ni(AcO)2 concentrations to
confirm the optimal formation of the y-CsPbls phase. The results are summarized in
Figure 65.

XRD patterns, consistent with optical characterization results, confirm that the
selected OAC maximizes the crystallinity of the y-CsPbls phase while avoiding the
formation of the non-perovskite 6-phase (Figure 65a). Dominant diffraction peaks for
the orthorhombic y-phase appear at 14.3°, 20.8°, and 28.9°, corresponding to the (020),
(002), and (202) crystal planes, respectively (ICSD n° 434338). Peaks characteristic of
the 6-phase, observed at 13.1°, 26.5°, and 37.7° (associated with the (102), (105), and
(020) planes; ICSD n° 250744), emerge only at annealing temperatures exceeding 200
°C (Figure 65b). While higher annealing temperatures improve crystallinity and peak
intensity, we identify 200 °C as optimal, achieving the desired y-phase without
inducing a phase transition. SEM imaging corroborates these findings, showing larger
grain morphology at 200 °C, which enhances carrier mobility and device

performance.1%3
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Additionally, consistent with prior studies by Duan et al. (2022), we observe the
transient presence of a 0D Cs4Pbls intermediate phase during the annealing process.
XRD patterns reveal discernible peaks for Cs4Pbls at 11.9° and 28.6° at temperatures
below 150 °C, which disappear by 200 °C (Figure 65c). This indicates that CssPbles
serves as a template for the transformation to y-CsPbls, fully disappearing at higher
annealing temperatures. These findings align with our earlier results from Chapter 6,
which demonstrates how acetate groups and waters of crystallization in the matrix

facilitate bypassing this OD intermediate phase, streamlining the crystallization

process.
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Figure 65. XRD patterns of CsPbls nanocomposites. (a) Annealing temperatures
impact on target’s concentration for 10 s (b-c) insights at different angles from (a) and
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(d) nickel acetate concentration at OAC. (e) SEM images of target nanocomposite at
two different temperatures.

The effect of Ni(AcO)2 concentration is another key factor to analyze. XRD
patterns for samples prepared under OAC with Ni(AcO):2 concentrations below 0.1 M
reveal residual peaks associated with the d-phase, indicating either incomplete phase
transition or insufficient stabilization of the y-CsPbls phase (Figure 65d). These
findings confirm that the formation and stabilization of the y-CsPbls phase depend not
only on annealing temperature but also significantly on the Ni(AcQO)2 concentration in
the CsPbls precursor solution. At concentrations exceeding 0.1 M, the orthorhombic
peaks exhibit increased intensity and sharper profiles, indicating enhanced crystallinity
(Figure 65d). Additionally, partial substitution of Pb*" ions (~120 pm) with smaller
Ni** ions (~72 pm) causes contraction of the crystalline lattice, leading to a shift in the
XRD peaks toward higher 20 values. However, the absence of a substantial shift
suggests that only a small fraction of Ni** ions occupy interstitial sites within the
CsPbls lattice.?®? This hypothesis is consistent with the structural stability trends
observed.

To further analyze the structural effects, we evaluate peak broadening (Figure
66a) at different Ni(AcO): concentrations using Williamson-Hall plots to calculate the
crystallite size (D) and microstrain (¢) within the perovskite grains (Figure 66b). The
results indicate that as Ni(AcO): concentration increases, microstrain within the grains
also rises, correlating with a slight reduction in grain domain size.?! This finding
aligns with the Elliott bandgap calculations, which show a shift toward higher energy

levels as microstrain increases.

While higher Ni(AcO). concentrations improve the stability of the orthorhombic
phase, they also introduce excessive acetate, which hampers charge mobility within
the lattice. This effect is evident in PV device studies (Figure 69b), where current
density drops significantly with excessive nickel, ultimately compromising the

nanocomposite's performance as a PV material.
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Figure 66. (a) XRD patterns of the control CsPbls and samples with increasing
concentrations of Ni (AcO)z, highlighting the peak broadening at 14.3°. (b) Crystallite
size (D) and Microstrain (¢) calculated from XRD data across various diffraction
angles.

SEM images of the target CsPbls films reveal a pronounced dependence on
annealing temperature. SEM micrographs (Figure 65e) show significant
microstructural differences when comparing films annealed at 100°C and 200°C. At
200°C, the films exhibit larger, more compact grains, in contrast to the smaller, less
defined grains observed at 100°C. The reduced grain size at lower temperatures is
attributed to incomplete chemical reactions or inefficient DMSO removal, both of
which negatively impact the overall crystallinity of the perovskite layer. The larger
and more compact grains formed at 200°C are advantageous for device performance,
as they reduce grain boundary defects, minimize recombination centers, and enhance

charge carrier mobility.1%3

Energy-dispersive X-ray (EDX) analysis (Figure 67) confirms the uniform
distribution of Ni(AcO). across the perovskite grains. Elemental mapping highlights
the consistent presence of nickel throughout the grain structure without signs of
aggregation or phase separation. This homogeneity suggests an effective incorporation
of Ni(AcO). across the perovskite grains during synthesis, which is essential for
maintaining uniform electronic properties and ensuring reliable and reproducible

device performance.
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Figure 67. EDX Maps from SEM Images of the target CsPbls nanocomposite.

XPS analysis has been performed to investigate how the lattice binding energy
of CsPbls varies with increasing Ni(AcO)2 content (Figure 68). In the Cs 3d spectra of
the control sample, two distinct peaks are observed at 723.5 eV and 737.2 eV,
corresponding to the Cs 3ds;2 and Cs 3ds2 binding energies, respectively. In the target
sample, these peaks shift slightly to 723.99 eV and 737.95 eV. Similarly, the Pb 4f
spectra for the control sample exhibit peaks at 137.94 eV and 142.81 eV,
corresponding to Pb 4f72 and Pb 4fs2, respectively, which shift to 137.61 eV and
142.49 eV in the target samples. The I 3d spectra show peaks at 618.89 eV and 630.37
eV for the control sample, while these shift to 618.41 eV and 629.90 eV in the target
sample, corresponding to | 3ds2 and | 3dss2, respectively. Furthermore, the Ni 2p peaks
detected in the target samples confirm the successful incorporation of Ni(AcO): into

the perovskite lattice.

As shown in Figure 68, the Cs 3d, Pb 4f, and | 3d peaks consistently shift to
lower binding energies with the addition of Ni(AcO)2. This shift is attributed to an
increase in electron density on the surface of CsPbls, likely resulting from electron
transfer from Ni atoms to the perovskite lattice. The increased surface charge density
induced by Ni(AcO)z reduces the surface tension of CsPbls, thereby lowering the
surface free energy.?!8 This modification plays a pivotal role in stabilizing the y-CsPbl3

phase at relatively low annealing temperatures.
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Figure 68. XPS Fittings for Cs 3d, Pb 4f, 1 3d and Ni 2p cores for control and target
CsPbls nanocomposite films.

Our primary objective is to evaluate the device performance of CsPbls
nanocomposite films as PSCs, which is a bit challenging given the isolating nature of
the Ni(AcO)2. The studied PSCs feature a device architecture of FTO/c-TiO2/m-
TiOz/perovskite/Spiro-OMeTAD/Au, as illustrated in Figure 69a. A cross-sectional
view of the complete device stack is provided in Figure 70. Figure 69b presents
statistical data of devices fabricated under varying conditions (10 each condition), with
Ni(AcO)2 concentrations ranging from 0.05 M to 0.8 M. The champion SC for the
target CsPbls nanocomposite achieves a Jsc of 17.6 mA/cmz, an Voc of 1.03 V, and a
FF of 68.13%, corresponding to a PCE of 12.43%. The J-V curve and statistical data

are shown in Figure 69c.
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Figure 69. (a) Device structure: FTO/c-TiO2/m-TiO2/CsPbls/Spiro-OMeTAD/Au. (b)
Statistical data of devices with different CsPbls:Ni ratios. (c) J-V curve of the
champion device. (d) Light stability test on unencapsulated devices under N2
conditions, with constant 1-sun illumination at 30 °C.

Device performance exhibits a volcano-shaped dependency on additive
concentration. An optimal concentration of 0.1 M is associated with the highest current
density, in agreement with XRD results. At Ni(AcO)2 concentrations below 0.1 M, the
coexistence of both perovskite and non-perovskite phases is observed, impeding
effective charge transport within the absorber and resulting in suboptimal electrical
performance. Conversely, higher concentrations of Ni(AcO)2 lead to a significant
decline in current density, attributed to its insulating nature, which disrupts grain
connectivity. This observation aligns with previous studies showing that excess
Ni(AcO)2 can act as a matrix separating perovskite grains, compromising electrical

interconnection.®
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Figure 70. Cross-Sectional Image of one of the best-performing devices using the
target conditions for the nanocomposite fabrication.

To gain deeper insights into the dominant recombination mechanisms affecting
device performance, we analyze the ideality factor (nid) of the solar cells. The ideality
factor is derived from the relationship between the Voc and light intensity, as shown

in Figure 71.2%

The fitted ideality factor for the CsPbls:Ni(AcO)2 solar cell is 1.76, suggesting
that Shockley-Read-Hall (SRH) recombination within the bulk is the primary loss
mechanism. This observation aligns with findings reported in previous studies on
CsPbls-based solar cells.?33-2% Such recombination behavior highlights the need for
strategies to mitigate bulk defects, which could further improve the performance and

stability of these devices.
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Figure 71. Light intensity dependence of J-V characteristics of the target PSC fo the
open-circuit voltage Voc parameter and extracted ideality factor.

Moreover, we conducted stability tests on unencapsulated devices under ambient
conditions in an inert nitrogen atmosphere with continuous 1-sun illumination. The
target CsPbls-based device retains approximately 80% of its initial efficiency after 600

hours of light exposure, measured at a fixed voltage near the MPPT (Figure 69d).

7.3.1 Indoor Studies

The increasing demand for efficient energy-harvesting systems to power indoor
electronic devices has driven substantial interest in indoor PV. Unlike natural sunlight,
indoor lighting possesses unique spectral characteristics, requiring specialized PV
materials optimized for artificial illumination. By adapting the Shockley-Queisser
limit to varying irradiation spectra, the maximum theoretical efficiency under specific
light conditions can be determined.®® Remarkably, this efficiency limit increases from

33% under solar illumination to 57% under indoor lighting conditions.?3

Indoor light sources, such as warm white and cool white illumination (Figure
72a), achieve peak efficiencies with semiconductor materials having bandgaps

between 1.7 and 1.8 eV (Figure 72b), contrasting with the optimal 1.4 eV bandgap for
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solar illumination. CsPbls perovskite, with an ideal bandgap of approximately 1.72

eV, stands out as a promising material for indoor PV applications.

(@) 3.2 (b) 60
58 AM1.5G AM1.5G
= 7 Warm white 50 Warm white
E 241 Cool white - Cool white
o s 401
E 2.0 >
o
%’ 1.6 & 30
3 o
5 1.2- TP
.8 |
£ 0.8
0.4. 10
0.0 T T T T o T T T T T
0 500 1000 1500 2000 2500 1.0 1.5 2.0 25 3.0 35 4.0
Wavelength (nm) Energy (eV)

Figure 72. Irradiance of AM1.5G solar spectrum, warm white and cool white
illuminations used in the experiments (left). Maximum efficiencies calculated
according to Shockley-Queisser limit for the different illuminations (right).

To assess this potential, performance measurements are conducted on the target
CsPbls:Ni(AcO)2 solar cell under both cool white and warm white lighting. The device
achieves notable efficiencies of 15.4% under cool white lighting and 17.6% under
warm white lighting. Detailed statistics and J-V curves for indoor measurements are
presented in Table 10. These results confirm the suitability of all-inorganic CsPbls-
based perovskites for indoor applications, demonstrating a strong correlation with

theoretical efficiency predictions.
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Table 10. Performance statistics derived from J-V curves for the target condition under
various indoor lighting conditions.
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7.3.2 LCA

The environmental impacts associated with the synthesis and deposition of
CsPbls with nickel acetate are evaluated using the LCA methodology, following EN-
ISO standards (14040/14044) and IEA PVPS guidelines.?®’ This analysis is compared
to the synthesis and deposition of CsPbls using DMAL.?® The functional unit for both
methods is 1 cm2. The evaluation focuses solely on the absorber layer in the indoor
solar cell, excluding transport layers, electrodes, and substrates, which are identical for
both methods. Life cycle inventories include raw materials, energy consumption for
heating, annealing, and spin coating, air emissions, and treatment of spin-coating
wastes. Detailed inventories and impact evaluations using the method Environmental

Footprint (EF) 3.0%% are provided in the Appendixes of this chapter.

The addition of nickel acetate to the CsPbls precursor simplifies the process by
eliminating substances such as DMAI, MACI, OAl, and TOPO, reducing spin coating
steps from four to one. This modification shortens precursor formation heating times
and lowers annealing times and temperatures. Energy consumption with DMALI is 2.6
times higher than with nickel acetate. However, the Ni(AcO)2 method slightly
increases metal usage (ratio of 0.8) due to higher consumption of nickel, lead, and

cesium. Relative differences between the two methods are illustrated in Figure 73a.
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Figure 73. a) Relative quantities of materials, energy and wastes for 1 cm? of CsPbls
synthesized with DMAI respect the one synthesized with Ni(Ac)2-4H20. b)
Comparison of absolute climate change impacts broken down in materials, electricity
and emissions and waste. ¢) Relative impacts for the two methods to synthesize CsPbls
(absolute values and meaning of the abbreviations are in the Table 20). d) Breakdown
of the potential human toxicity-cancer impact for CsPbls obtained with nickel acetate
tetrahydrate and whose contribution is only 5% of the total.

This reduction in materials and energy usage significantly lowers the climate
change impact, as shown in Figure 73b. It also decreases waste, which in spin coating
accounts for 98% of the initial mass and has a high global warming impact due to
incineration of organic-rich waste liquids. Reductions in the carbon footprint are 57%,
62%, and 93% for materials, electricity, and waste, respectively, yielding an overall
reduction of 70%.

Environmental impact reductions are not limited to the climate change category
but extend to most impact categories (Figure 73c), with an average reduction of 52%.
The only exception is mineral resource and metal use (Rum), which slightly increases
due to higher metal consumption. The impacts considered are cradle-to-gate, but
greater stability and efficiency achieved with the new method could further reduce the

environmental impact over the product's life cycle.
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Human toxicity impacts are also lower with the nickel acetate method, though
less pronounced. Reductions of 4% and 21% are observed in non-carcinogenic (HTnc)
and carcinogenic human toxicity (HTc) categories, respectively. Key contributors to
HTc impacts include Pbl2 synthesis (63%), energy consumption during deposition
(15%), and Csl synthesis (11%) (Figure 73d). Nickel acetate tetrahydrate contributes

minimally, accounting for only 5% of HTc and 2% of HTnc impacts.

Finally, the study also considers properties of concern based on harmonized
classification and labeling (CLH) and the CLP regulation (EC No. 1272/2008). Lead
iodide, classified as "toxic for reproduction™ (CLH), is a common concern in both
methods. The method with DMALI also includes DMF, “toxic for reproduction” (CLH)
and included in “the candidate list of substances of very high concern” (SVHC);
toluene, “suspected to be toxic for reproduction” (CLH); and TOPO, “most of the data
submitters agree that this substance is a skin sensitizer” (CLP). In the nickel acetate
method, these three substances are not included, although a new substance with
properties of concern, Ni(AcO)2.4H20, is added, “most data submitters agree that this

substance is a skin sensitizer and a respiratory sensitizer” (CLP).

7.4 CONCLUSIONS

Our synthetic approach provides a rapid-crystallization (<10 s), low-temperature
(<250°C), and environmentally friendly (antisolvent- and DMF-free) method to
enhance the performance of CsPbls perovskite solar cells (PSCs). Using this strategy,
the champion device, incorporating 7.7 mol% Ni(AcO)z, achieves a PCE exceeding
12% in an n-i-p mesoscopic configuration with a stability of over 600 hours at
maximum power point tracking (MPPT) and minimal performance loss (<20%).
Furthermore, under cool and warm white illumination, the devices demonstrate
promising efficiencies exceeding 15% and 17%, respectively, showcasing the potential

of Ni(AcO)2-CsPbls PSCs for efficient energy harvesting in indoor environments.

In addition to performance improvements, the new synthesis method employing
nickel acetate tetrahydrate significantly reduces environmental impact. The method
achieves a 70% reduction in greenhouse gas emissions (GW) and reductions across
most impact categories. While the addition of Ni(AcO)2-4H-0 introduces potential
risks as a skin and respiratory sensitizer, its contribution to human toxicity categories
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is minimal compared to the substantial impacts of lead iodide. Importantly, our
DMSO-only, DMA/HI-free synthesis eliminates the need for substances with

concerning properties, such as DMF, toluene, and TOPO.

Despite these advances, the persistence of hazardous materials, including
Ni(AcO)2:4H20 and Pbl2, in the absorber layer warrants careful consideration.
Nonetheless, we believe this straightforward, DMSO-only, and antisolvent-free
approach represents a significant step toward the development of highly efficient,
stable, and environmentally conscious all-inorganic perovskite materials for PV

applications.

7.5 APPENDIXES
Life Cycle Assessment Appendixes

This study encompasses the environmental impacts associated with the
production of raw materials, the synthesis of CsPbls perovskite, its deposition, and the
annealing process. It also accounts for emissions, wastewater treatment, and the
management of waste generated during the synthesis, deposition, and annealing of
CsPbls on glass substrates. The CsPbls perovskite is synthesized using the DMAI and
Ni(AcO)2 methods, as outlined in Table 11 and Table 12, respectively. The quantities
of precursors and solvents are calculated based on the amount required to produce

CsPbls for a single solar cell.

Environmental data from Ecoinvent 3.8 is utilized for the LCA, where available.
For Pblz, inventory data is adapted from the literature.?*® Specific inventories

developed for this research are detailed in Table 13-19.

Electricity consumption during synthesis, deposition, and annealing is monitored
using a CIRCUTOR MYeBOX 1500 Network Analyzer. Measurements are taken at
one-second intervals with a sampling rate of 2 kHz. The synthesis and annealing steps
are monitored using an IKA C-MAG HS 7 hotplate and a Harry Gestigkeit Prazitherm
PZ28-2 heating mantle, respectively. Energy consumption for deposition is measured
using a Laurel WS-650-23 Spin Coater paired with a VWR VP 100 C vacuum pump.
Two clamps with a measurement range of 0.05 to 5 A are used, providing an accuracy
of 0.2% for current intensity and +0.5% or 1 W for power. Measurements were

conducted under the maximum operational capacity of each device and experimental
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conditions. In cases where direct measurement of electricity consumption is not

feasible, thermodynamic equations are applied for estimation.?4

Life cycle inventories (LCI) for spin coating waste are assumed to undergo
incineration, with the resulting slags being disposed of in landfills. These processes
were modeled using Doka?*? tools and subsequently integrated into SimaPro software

to evaluate the environmental impacts associated with these end-of-life scenarios.

Environmental impacts are assessed using the Environmental Footprint 3.0

method, with the results presented in Table 20.
Inventory for CsPbls Perovskite Synthesis Using the DMAI Method

To fabricate a CsPbls perovskite cell using the DMAI method, a solution of
perovskite precursors is spin-coated onto a pre-heated substrate. Subsequently, an
MACI solution is spin-coated over the perovskite layer, followed by an annealing
process. An OAI solution is then applied via spin coating, with annealing performed
afterward. Finally, a TOPO solution is deposited by spin coating as the top layer,

without any additional annealing step.

Table 11. Inventory for the synthesis of CsPbls with the DMAI method.

Functional unit 1 cm? CsPbls - DMAI
Step Flow Unit Quantity
Pbl, g 0.0059
Perovskite solution DMF g 0.0115
preparation Csl g 0.0029
DMAI g 0.0020
) ) MACI g 0.0002
MACI solution preparation PA 9 0.0439
. ) OAl g 0.0000
Input OA\I solution preparation PA 9 00126
. ] TOPO g 0.0002
TOPO solution preparation Toluene 9 00277
Solutions preparation Electricity J 697.9
Deposition Electricity J 1947.2
Annealing of CsPbl; Electricity J 473
Annealing of CsPbls - OAI Electricity J 71.6
Deposition Waste g 0.1047
Output Annealing Emiss?on to air, DMF g 0.0002
Emission to air, IPA g 0.0011
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Inventory for CsPbls Perovskite Synthesis Using the Ni(AcO):'4H:O
Method

In the fabrication of a CsPbls perovskite cell using the Ni(AcO)::4H20 method,
a solution of perovskite precursors is spin-coated onto a pre-heated substrate. The

deposited layer is then subjected to a two-step annealing process.

Table 12. Inventory for the synthesis of CsPbls with the Ni(AcO). method.

Functional unit 1 cm? CsPbls:Ni(AcO):

Step Flow Unit Quantity
Pbl; g 0.0061

Perovskite solution Csl g 0.0044
preparation DMSO g 0.0123

Input Ni(AcO),-4H,0 g 0.0003
Solution preparation Electricity J 84.5
Deposition Electricity J 958.7
Annealing Electricity J 8.6
Deposition Waste g 0.0227

Output - — -
Annealing Emission to air, DMSO ¢ 0.0002

Inventory for Octylammonium lodide (OAI) Production

The production inventory for OAI is derived from the reaction between
hydroiodic acid and octylamine, achieving a yield of 76%.2** Hydroiodic acid is
synthesized in situ using formic acid and iodine in ethanol, with carbon dioxide (COz2)
generated as a by-product. The reaction mixture is stirred at 80 °C for 2 hours. Ethanol
Is utilized for crystallization, while diethyl ether is employed for purification.
Recovery rates are assumed to be 95% for ethanol and 90% for diethyl ether,

accounting for losses to the air during processing.
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Table 13. Inventory for production of 1 kg of OAL.

Functional Unit 1 kg OAl
Flow Unit Quantity
lodine kg 0.5087
Formic acid kg 0.0895
Octylamine kg 0.6736

Input Ethanol kg 0.2544
Diethyl ether kg 0.0688
Chemical plant p 0.0000
Electricity MJ  7.4096
Emission to air, carbon dioxide kg 0.0856
Emission to air, ethanol kg 0.2544

Output Emission to air, diethyl ether kg 0.0688
Waste kg 0.1863

Inventory for Octylamine (OA) Production

OA is synthesized through the amination of octanoic acid with ammonia at 200

°C for 7 hours, followed by hydrogenation of the resulting amide at 200 °C for 6.5

hours, achieving a yield of 76%.2* Cyclopentyl methyl ether is used as the solvent,

and a ruthenium—tungsten oxide catalyst facilitated the reaction. For the life cycle

assessment, methyl tert-butyl ether and crude tall oil were used as proxies for

cyclopentyl methyl ether and octanoic acid, respectively.

Table 14. Inventory for production of 1 kg of OA.

Functional Unit 1 kg OA
Flow Unit  Quantity
Octanoic Acid kg 1.4682
Ammonia kg 0.1734
Hydrogen kg 0.0410

Input Ru-WOx catalyst kg 0.0235
Cyclopentyl methyl ether kg 0.0876
Chemical plant p 4.00E-10
Electricity kWh 0.6295
Emission to air, water kg 0.2788

Output Residues kg 04038
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Inventory for Ruthenium-Tungsten Oxide (Ru-WOx) Catalyst Production

The inventory for the ruthenium-tungsten oxide (Ru-WOx) catalyst is based on
the reaction of ruthenium chloride, magnesium aluminate, and tungsten oxide.?*®
Precursors included tungsten oxide,?*® ruthenium, chlorine, magnesium oxide, and

alumina.

Table 15. Inventory for production of 1 kg of Ruthenium-Tungsten Oxide (Ru-WOx)

Catalyst.
Functional Unit 1 kg Ru-WOx catalyst
Flow Unit  Quantity
Tungsten oxide kg 0.0126
Ruthenium kg 0.0400
Chlorine kg 0.0421
Input Magnesium oxide kg 0.2565

Aluminum oxide kg 0.6488
Chemical plant p 4.00E-10
Electricity kWh 0.5149

Inventory for Dimethylammonium lodide (DMAI) Production

The production inventory for DMAI is established based on the reaction between
hydroiodic acid and dimethylamine, achieving a yield of 88%.243 Hydroiodic acid is
synthesized in situ from formic acid and iodine in ethanol, with carbon dioxide (COz2)
as a by-product. The reaction is conducted at 80 °C for 1 hour with constant stirring.
Ethanol is employed for crystallization, and diethyl ether is used for purification.
Recovery rates are estimated at 95% for ethanol and 90% for diethyl ether, accounting

for losses to the atmosphere.
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Table 16. Inventory for production of 1 kg of DMAL.

Functional Unit 1 kg DMAI
Flow Unit Quantity
lodine kg 0.7562
Formic acid kg 0.1330
Dimethylamine kg 0.3492

Input Ethanol kg 0.3781
Diethyl ether kg 0.0481
Chemical plant p 4E-10
Electricity MJ  10.7424

Emission to air, Carbon dioxide kg 0.1272
Emission to air, Diethyl ether kg 0.0481
Emission to air, ethanol kg 0.3781
Wastewater kg 0.1113

Output

Inventory for Dimethylamine (DMA) Production

The production inventory for DMA is based on its synthesis through the reaction
of methanol with ammonia, achieving a yield of 59.6%. The reaction is conducted at
400 °C and 14.52 atm for 20 hours, using zeolite powder as a catalyst. By-products
included methylammonium (36.4%), trimethylammonium (3.9%), and water. Residual

materials from the reaction are treated as wastewater.

Table 17. Inventory for production of 1 kg of DMA.

Functional unit 1 kg DMAI
Flow Unit Quantity

Input CH3OH kg 1.3398
NH3 kg 0.4542
Catalyst: Zeolite kg 0.0098
Electricity MJ  11.8253

Output Wastewater kg 0.7631

Inventory for Nickel Acetate Tetrahydrate (Ni(AcO).-4H,0) Production

The production inventory for nickel acetate tetrahydrate (Ni(AcO)2:4H20) is
based on the reaction between nickel sulfate heptahydrate and acetic acid. The reaction
generates sulfuric acid and water as by-products, with sulfuric acid considered an

avoided product. Residual materials from the reaction are managed as wastewater.
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Table 18. Inventory for production of 1 kg of Nickel Acetate tetrahydrate.

Functional unit 1 kg Ni(AcO):4H:0
Flow Unit Quantity
Input CH;COOH kg 0.4826

NiSO47H.0O kg 1.1285
Electricity MJ  0.6176
Output H2S0,4 kg 0.3941
H.0 kg 0.2172

Inventory for Methylammonium Chloride (MACI) Production

The production inventory for MACI is derived from the reaction between

methylamine and hydrochloric acid, with ethanol serving as the solvent.

Table 19. Inventory for production of 1 kg of methylammonium chloride.

Functional unit 1 kg MACI
Flow Unit  Quantity
Methylamine kg 0.4600
HCI 30% kg 0.5400

Input Ethanol kg 0.0619
Chemical plant p 4.00E-10
Electricity MJ  6.3682
Emission to air, Water kg 0.0017

Output Emission to air, Ethanol kg 0.0619

Emission to water, Water kg 1.2583
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Environmental Impacts

The results of the comparative life cycle assessment (LCA) for the synthesis and
deposition of 1 cm? of CsPbls are presented in Table S11. All impact categories from

the EF 3.0 method are considered, except for ecotoxicity,?*’ due to significant

discrepancies with the USETox method.?*8

Table 20. Results of the environmental impacts with the method EF 3.0 from cradle to

gate for 1 cm? of CsPI3 synthesized with DMAI and Ni(AcO)a.

Impact category Unit CsPbls - DMAI ﬁf&aclé)z
Climate change kg CO2 eq GW 7.98E-04 2.39E-04
Ozone depletion kg CFC11 eq oD 2.03E-11 1.11E-11
lonising radiation kBqU-235eq IR 2.02E-04 8.49E-05
Photochemical ozone formation kg NMVOCeq POP 2.69E-06 7.03E-07
Particulate matter disease inc. PM 1.65E-11 8.65E-12
Human toxicity, non-cancer CTUh HTnc 1.60E-11 1.54E-11
Human toxicity, cancer CTUh HTc 2.67E-13 2.11E-13
Acidification mol H* eq AP 3.32E-06 2.43E-06
Eutrophication, freshwater kg P eq Ef 3.04E-07 1.37E-07
Eutrophication, marine kg N eq Em 2.78E-06 1.92E-07
Eutrophication, terrestrial mol N eq Et 4.60E-06 1.91E-06
Land use Pt LU 1.44E-03 7.20E-04
Water use m3 depriv. Wwu 8.18E-03 2.77E-03
Resource use, fossils MJ Ruf 1.11E-02 4.17E-03
Resource use, minerals and metals kg Sb eq Rum 9.51E-09 1.09E-08
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Chapter 8: Conclusions

This Thesis, titled “Synthesis and Characterization of Multifunctional
Nanocomposite-Based Materials for Next-Generation Energy Solutions”, explores the
development of innovative nanocomposite-based materials as a cornerstone for
addressing critical challenges in energy technologies. The research highlights the
immense potential of these materials in enabling the formation of perovskite structures,
paving the way for advancements in crystallization dynamics in perovskite-based
materials, scalable emission technologies, and PVs.

The overarching objective of this work is to synthesize and characterize novel
nanocomposite systems that combine scalability, cost-effectiveness, and enhanced
stability. Central to this Thesis is the investigation of key synthetic methodologies,
offering insights into the formation, stabilization, and processability of
nanocomposites. Emphasis is placed on strategies to improve material robustness and
compatibility with device fabrication processes. Furthermore, to ensure the practical
relevance of the findings, many of the synthetic approaches have been validated
through integration into functional devices, such as PSCs (Chapter 7).

In summary, the work from Chapter 4 introduces a streamlined, rapid, and cost-
efficient methodology for the in situ synthesis of PNCs embedded within a metal-
organic matrix, yielding nanocomposite thin films with exceptional optical properties
and remarkable stability. Achieving PLQY as high as 80% and durability exceeding
one year, the method stands out for its annealing-free nature, producing uniform thin
films with notable resistance to mechanical wear. By fine-tuning the precursor loading
in the final thin film, precise control over crystallization dynamics is achieved,
enabling tunable crystal sizes. Furthermore, the size of PNCs can be effectively
modulated by exposure to varying RH conditions, with both PL and absorption spectra
showing diverse responses to moisture levels. This phenomenon is furhter studied in
Chapter 6 and attributed to aggregation effects that influence the resulting PNC size.
This nanocomposite synthesis approach lays a robust foundation for the advancement
of large-area optoelectronic devices with superior functionality. It offers a viable route

for direct band-gap tuning through precise manipulation of PNC crystallization
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dynamics, highlighting its potential for integration into next-generation optoelectronic

applications.
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Figure 74. Summary and highlights of the main findings from Chapter 4.
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In the work of Chapter 5 a comprehensive protocol is designed to offer deeper

insights into the crystallization dynamics of PNCs and the broad potential of this

synthesis technique. A critical aspect of this exploration involves the development and

utilization of specialized humidity-controlled chambers, a key strategy for ensuring
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precise control over the final PNC properties and fully exploiting the versatility of this

approach.
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Figure 75. Summary and highlights of the main findings from Chapter 5.

In Chapter 6 we further explored the underlying formation mechanisms of
PNCs, presenting an in-depth analysis of the crystallization processes and their direct
impact on enhancing the optical properties of the nanocomposites. This study presents
a meaningful understanding of the crystallization dynamics of the PNC system studied
in Chapters 4 and 5. Contrary to the commonly observed quenching effects of water
MHPs, we demonstrate that RH levels above 20% play a pivotal role in promoting the
transformation of OD structures into 3D perovskite NCs within an acetate-rich matrix.
At lower humidity levels, the synthesis predominantly yields non-emissive 0D phases,
including MA4PbBrs and PbBrOH, whereas higher RH favors the formation of

luminescent 3D NCs. PLE analysis reveal that these wide-bandgap materials (0D and
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PbBrOH) act as neutral UV filters rather than contributors to PLQY. Instead, the
enhanced PLQY is primarily due to the in situ generation of OH", which effectively
passivate defects in the 3D NCs and improve their optical properties. Investigations
into the PL and decay kinetics of the MAPbBrs nanocomposites under varying gas
environments and vacuum confirm that water removal from NCs results in significant
PL quenching. This underscores the reversible nature of water-induced passivation.
These findings underscore the transformative potential of the developed synthesis

strategy, establishing it as a cornerstone for future advancements in the field of

perovskite-based materials and technologies.
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Figure 76. Summary and highlights of the main findings from Chapter 6.

Finally in Chapter 7 we explore the innovative use of nickel acetate in the
synthesis of all-inorganic PSCs, presenting a novel strategy for stabilizing wide-
bandgap perovskites such as CsPbls. Building on the versatile and effective

nanocomposite-based methodologies described in the aforementioned chapters, we

166 Jaume Noguera Gomez



demonstrate a significant advancement in material stability and device performance.
The synthesis method involves incorporating Ni(AcO):2 into a pure DMSO precursor
solution to create a CsPbls solution. The addition of Ni(AcO)2 promotes the formation
of stable y-CsPbls (black phase) nanocomposites, as confirmed by XRD analysis, and
eliminates residual Pbl2, enhancing device efficiency compared to unmodified CsPbls.
Using a rapid (<10 s), low-temperature (<250°C), and environmentally friendly
antisolvent- and DMA/HI-free process, we have achieved PCEs exceeding 12% in an
n-i-p mesoscopic configuration. The champion device, incorporating a concentration
of 0.1 M (7.7 mol%) Ni(AcO)2, demonstrated remarkable stability, maintaining over
80% of its initial performance after 600 hours of MPPT in inert conditions.
Additionally, calculations assessing the suitability of the bandgap under various
lighting conditions are also presented, highlighting the significant potential of these
materials. Indoor light sources, such as warm white and cool white illumination
achieve peak efficiencies with semiconductor materials having bandgaps between 1.7
and 1.8 eV. Under indoor lighting conditions, the efficiencies exceeded 15% with cool
white illumination and 17% with warm white illumination, showcasing the materials'
strong potential for indoor energy harvesting. Environmental sustainability is a core
focus of this synthesis approach. By eliminating harmful solvents like DMF and
toluene, the method reduces greenhouse gas emissions by 70% and lowers most impact
categories in a LCA study. This straightforward and scalable method represents a
significant step toward the development of stable, efficient, and environmentally
responsible all-inorganic PSCs.
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Figure 77. Summary and highlights of the main findings from Chapter 7.
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Outlook

e The streamlined synthesis method introduced in Chapter 4 enables the rapid,
in situ formation of PNCs embedded within a metal-organic matrix, demonstrating
exceptional optical properties with PLQY reaching 80% and durability exceeding one
year. Future work should focus on optimizing scalability for large-area applications
and assessing long-term stability under different light intensities, particularly for

integration into down-converter devices.

e Controlling PNC size and optical properties through humidity modulation
offers significant potential for material customization. Future research should explore
how this approach can be scaled for industrial applications and leveraged to design
devices with tunable optical and electronic properties, focusing on the effects of RH

on crystallization dynamics.

e The humidity-controlled chambers developed in Chapter 5 are valuable tools
for achieving precise and reproducible PNC synthesis. Expanding this technique to
enable real-time monitoring of crystallization under diverse environmental conditions
could further improve material control and allow for tailored PNCs in advanced

optoelectronic applications.

e Chapter 6 highlights the role of RH in transforming OD structures into
luminescent 3D PNCs and further passivating them with OH groups enhancing their
PLQY. Future studies should explore in greater depth the in situ passivation
mechanisms induced by water, focusing on developing strategies to mitigate long-term
degradation effects, including advanced encapsulation techniques and their influence

on optical properties.

¢ Density functional theory (DFT) calculations on crystallization dynamics and
OH™ passivation mechanisms offer valuable insights. Further computational studies
could expand our understanding of these phenomena, guiding experimental

optimization for improved material performance.

e The incorporation of Ni(AcO)2 in CsPbls perovskite films has shown
significant improvements in efficiency and stability under controlled conditions.
Scaling this approach for large-area solar cell production requires addressing
challenges in film uniformity, long-term stability, and passivation strategies suitable

for practical environments.
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¢ In indoor PVs, CsPbls emerges as a promising material, with a suitable
bandgap. Further investigation integrating them into multi-junction solar cells could

enhance performance under low-light conditions.

e Environmental sustainability remains a priority. The DMSO-only, nickel
acetate-based synthesis method reduces harmful solvent use and greenhouse gas
emissions, but addressing residual materials like Pbl2 and Ni(AcO)2-4H-0 in absorber
layers is essential. Research into non-toxic alternatives, such as Mg(AcO)2, should be
prioritized to balance sustainability with high performance and also explore its use for

the fabrication of lead-free perovskite materials.

e While stability under inert conditions is promising, long-term testing under
varied environmental conditions, including humidity, temperature fluctuations, and
UV exposure, is necessary. Future work should also investigate the role of advanced
passivating agents in mitigating degradation mechanisms and optimizing the optical
and electronic properties of perovskites for next-generation PV devices.
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Implications of the Thesis

The materials developed in this thesis have not only advanced knowledge about
perovskites and their derivatives but have also demonstrated significant potential for
technological applications. As a result, several patents have arisen from the research
work carried out in this thesis:

1. Rafael Abargues Lopez, Pedro Javier Rodriguez Cantd, Juan P. Martinez
Pastor, Jaume Noguera, Sixto Giménez Julid, Miguel Garcia Tecedor.
Catalytic nickel oxide film, procedure for its production, and its uses. Priority
date: June 19, 2019. Intenanomat S.L. (10 %), University of Valencia (55 %),
Universitat Jaume | (35 %). Application number: P201930558.

2. Jaume Noguera Gomez, Pablo Pérez Boix, Rafael Abargues

Method for preparing layers of metal halide perovskite nanocrystals,
nanocomposite in the form of a nanometric film composed of perovskite
nanocrystals, layers of metal halide perovskite nanocrystals, and their uses.
Priority date: July 23, 2021. University of Valencia. Application number:
P202130716.

3. Jaume Noguera Gomez, Pablo Pérez Boix, Noemi Farin6s, Alejandro Saura,
Juan Martinez Pastor, Rafael Abargues.

Method for preparing non-stoichiometric palladium oxide layers. Priority date:
June 8, 2023. University of Valencia. Application number: P202330481.

4. Jaume Noguera GOmez, Rafael Abargues, Pablo P. Boix, Teresa Ripollés,
Victor Sagra, Marta Valles, Sandy Sanchez.

Procedure for obtaining a composite perovskite coating, composite perovskite,
and its applications. Priority date: June 12, 2024. University of Valencia (90%)
and Ecole Polytechnique Fédérale de Lausanne (EPFL) (10%). Application
number: P202430479.

The first patent describes a method to obtain nanocomposites from nickel acetate
for various applications, notably water electrolysis for hydrogen production. The
second patent outlines a method for producing perovskite nanocrystals in the form of
nanocomposites for use in optoelectronic devices. The third patent describes a method

for preparing palladium oxide layers. The fourth patent presents a method for
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stabilizing the active phase of CsPbls using transition metal acetates for various

applications, with a particular focus on photovoltaics.

These contributions pave promising paths toward the development of new

technologies with potential social impact.
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Resum en valencia

Ja vos ho vaig dir: No se n’aneu!
JNM a MBS

Aquesta tesi doctoral, amb titol *'Sintesi i caracteritzacié de materials basats
en nanocomposits multifuncionals per a solucions energétiques de nova

‘4]

generacio", aprofundeix en el desenvolupament de materials innovadors basats en
nanocomposits, considerats peces clau per afrontar reptes crucials en la ciencia de

materials aplicada a tecnologies d’emissié 1 solucions energetiques.

L’estudi destaca el potencial d’aquestos materials per a diverses aplicacions
d’avantguarda. En particular, la recerca es centra, per una banda, en I’analisi de les
dinamiques de cristal-litzacié de nanocristalls de perovskites a I’interior de matrius i
per altra en I’estabilitzacié d’un dels polimorfs inestables de perovskita (CsPbls) per
al seu Us en aplicacions fotovoltaiques. Aquestes troballes obrin noves perspectives
per al seu (s com a materials en dispositius com les cel-lules solars o LEDs (de I’anglés
light-emitting diodes), marcant un pas endavant cap a solucions sostenibles i d’alt

rendiment.

OBJECTIUS DE LA TESI

L’objectiu principal d’aquesta tesi doctoral és la sintesi i caracteritzacio de
materials innovadors basats en nanocompaosits de perovskites, caracteritzats per una
facil implementacio en processos de produccio industrials i cost reduit fabricacio. La
investigacio posa un émfasi especial en donar resposta a la necessitat global d’adoptar
tecnologies d’emissid i1 captacid d’energia que siguen més eficients, sostenibles i

facilment escalables.
Els objectius especifics de la recerca per capitols engloben:
Capitol 1: Introduccid i context global.
o Establir el marc global del tema d'estudi.

« Proporcionar una introduccié completa sobre el panorama global actual i la

rellevancia dels materials investigats.
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Capitol 2: Fonaments en quimica i fisica.

o Explorar els fonaments cientifics i tecnics relacionats amb la recerca

desenvolupada.

« Presentar els conceptes clau emprats en les tecniques experimentals i I'analisi

de resultats.
Capitol 3: Metodes i técniques de caracteritzacio experimentals.
o Descriure detalladament les metodologies emprades en la recerca.

o Proporcionar una visié general de les tecniques experimentals utilitzades per

assolir els objectius de la tesi.

Capitol 4: Métode de cristal-litzacio in situ de nanoparticules de perovskita a I’interior

de matrius. Control dimensional i de I’estabilitat de les nanoparticules.

e Presentar un nou meétode sintétic per a la preparacid de nanocristalls de

perovskita a I’interior de matrius.

o Demostrar el potencial del metode per aconseguir un control precis de la mida

final dels nanocristalls.
Capitol 5: Protocol detallat per a la fabricacié de nanocristalls de perovskita.

e Estudi de la influéncia de les dissolucions precursores i I’ambient de

cristal-litzacio en les propietats optoelectroniques finals.

o Fabricacié i optimitzacid de cambres d’ambient controlat per facilitar la
cristal-litzacid de les nanoparticules (control de la humitat relativa de

I’ambient).
Capitol 6: Mecanisme de passivacié en nanocristalls de perovskita CHsNHsPbBrs
altament luminescents basats en nanocompaosits.

« Estudi del mecanisme quimic subjacent en el procés de cristal-litzacio.

o Analisi del paper de la humitat relativa i de les diferents especies presents
durant la cristal-litzacio per establir el mecanisme de passivacio que confereix

una alta eficiéncia a I’emissio dels nanocristalls a I’interior de matrius.

Capitol 7: Sintesi rapida i senzilla de CsPbls per al seu Us en cel-lules solars mitjancant

la incorporaci6 d’acetat de niquel.
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o Explorar I'Gs de I'acetat de niquel per estabilitzar la fase activa de perovskites

com el CsPbls i preparar dispositius eficients.

o Establir, mitjancant comparacid, I’adequacié d’aquest metode per estabilitzar
el polimorf gamma de CsPbls en comparacié amb la ruta classica utilitzant
DMAI.

e Analitzar el potencial d’aquest tipus de sistemes per a la seua utilitzacio en

aplicacions de fotovoltaica d’interiors.
Capitol 8: Conclusions i perspectives futures
e Resumir les contribucions clau de la recerca.

« Discutir les possibles direccions futures per a I'exploraci6 i el desenvolupament

del camp d'estudi.

RESUM PER CAPITOLS
Capitol 1: Introduccio.

L’any 2023, la humanitat havia traspassat sis dels nou limits planetaris proposats,
I’any 2009, per 1’académic suec Johan Rockstrém i un equip de 28 investigadors.
Aquest fet posa de manifest la necessitat d’una accid urgent per garantir un futur
sostenible. Els limits planetaris estan interconnectats, i aixo implica que per abordar
problemes globals com 1’escalfament climatic, cal actuar simultaniament en tots ells.
Tot i I’aclaparadora complexitat del repte, aquest també presenta oportunitats per

avangar cap a un model de desenvolupament més resilient i sostenible.

Una de les qliestions clau és assegurar una transicio efectiva que permeta superar
I'actual dependencia dels combustibles fossils, que han estat el pilar de la industria, el
transport i les llars des de la revolucid industrial. Malgrat el paper fonamental que han
jugat, els seus efectes negatius s’han tornat insostenibles. La dependéncia dels
combustibles fossils esta associada a problemes com la contaminacié ambiental,
I’emissio de gasos d’efecte hivernacle i els riscos per a la salut humana. A més, els
recursos fossils sén finits, i la seua extraccié i Us contribueixen a la perdua de

biodiversitat i a fenomens climatics extrems.
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El 22 de juliol de 2024, la temperatura mitjana global va assolir un maxim
historic de 17.16°C, fet que evidencia la gravetat de la situacio. En aquest context, les
dues vessants d’accid6 més directes son: d’una banda, accelerar la transicio cap a
energies renovables, que son més netes i sostenibles; de I’altra, avangar cap al
decreixement, que proposa reduir la produccié i el consum per prioritzar la
sostenibilitat ecologica. Aquest darrer model busca un equilibri entre les necessitats
humanes i els limits del planeta, promovent un canvi de paradigma basat en I’Us

eficient dels recursors.

Tot i els progressos recents en matéria de renovables, els combustibles fossils
encara representaven el 80% del consum energetic global el 2023. Encara que les fonts
renovables han crescut de manera significativa —especialment la solar i 1’eolica, que
han liderat el 75% de I’augment en energia neta durant 1’Ultima decada—, la demanda
energéetica mundial continua superant la capacitat de generacio renovable. En aquesta
linia, per al 2030, s’espera una expansio notable de la capacitat renovable, que
posicionara aquestes fonts com a protagonistes en la generaci6 d’electricitat. Pero, no
obstant, el ritme d’aquesta transicidé €s encara insuficient per assolir els objectius

climatics.

Afrontar aquest desafiament implica accelerar 1’adopcié de tecnologies
renovables, invertir en investigacio i desenvolupament, i promoure politiques que
incentiven tant la producci6 d’energia neta com un consum responsable. Només amb
una resposta global coordinada s’hi podra revertir la crisi climatica i garantir un futur

sostenible per a les generacions vinents.

Capitol 2: Fonaments en fisica i quimica.

Els materials semiconductors sén imprescindibles per a la tecnologia moderna,
ja que sustenten aplicacions clau com les cel-lules fotovoltaiques, els LEDs i els
circuits integrats. Amb una conductivitat electrica intermédia entre conductors i
aillants, les propietats dels semiconductors es poden ajustar amb tecniques com el
dopatge, que modifiquen la densitat i el tipus de portadors de carrega. Aixo permet
configurar dispositius com diodes i transistors, essencials per al control del flux
d’electrons. La recerca constant en aquest camp ha permes desenvolupar materials més

eficients i versatils, adaptats a les necessitats d’una societat en evolucio.
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Entre els materials emergents, les perovskites halur metal-lic (de 1’angles metal
halide perovskites, MHP) han esdevingut protagonistes gracies als avancos en
I’eficiéncia de les cel-lules solars. Inicialment, les MHP van destacar pel seu baix cost
i gran potencial fotovoltaic, pero posteriorment es van explorar les seues aplicacions
en altres dispositius optoelectronics, com LEDs. Amb una estructura cristal-lina de
formula general ABXs, aquestes perovskites ofereixen una gran flexibilitat
compositiva. Els ions de les posicions A, B i X, que poden ser organics o inorganics,
determinen les propietats estructurals i optoelectroniques del material, obrint la porta
a innovacions tecnologiques. Des del descobriment de la perovskita natural CaTiO:s el
1839 fins a I'Us de les perovskites en cel-lules solars amb eficiéncies del 26.7%, aquests
materials han redefinit el camp de la ciencia de materials. La seua versatilitat i el seu

alt rendiment els posicionen com a pilars de les tecnologies energétiques del futur.

Les perovskites han despertat gran interés en I'ambit cientific gracies a un
conjunt de propietats Uniques que les fan ideals per a diverses aplicacions
optoelectroniques, com ara cel-lules solars i LEDs. D’una banda, la seua capacitat
d’ajustar la banda prohibida (de I’anglés bandgap) segons la composicié quimica
permet adaptar-les a diferents aplicacions. Per a cel-lules solars, un bandgap de 1,1 a
1,6 eV ¢és optim, mentre que per a LEDs es pot ajustar per cobrir tot I’espectre visible,
I'infraroig i l'ultraviolat, millorant I'emissio de llum. A més, les perovskites tenen un
alt coeficient d’absorcid optica, cosa que permet fer capes actives molt fines, reduint
el cost de materials i salvaguardant-ne 1’0ptima absorcio de llum. Una altra propietat
destacada és la mobilitat alta dels portadors de carrega, que assegura un transport
eficient en cel-lules solars i una emissio rapida en LEDs, millorant el rendiment de tots
dos dispositius. Les perovskites també presenten una gran tolerancia als defectes, a
diferéncia d’altres semiconductors, mantenint altes eficiéncies tot i els defectes
cristal-lins, ja que aquests no generen trampes electroniques profundes que afecten el
rendiment dels dispositius. A més, la seua produccio és economica gracies a tecniques
de processat per dissolucid, que permeten la fabricacié de capes primes a baixes
temperatures, facilitant la producci6 a gran escala. A més, les perovskites ofereixen
una gran flexibilitat composicional, ja que és possible substituir-ne totalment o
parcialment els ions de la seua estructura per ajustar-les per a diferents aplicacions.

Malgrat les preocupacions per I'is de plom en la seua composicid, les quantitats
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utilitzades soén molt petites, i la recerca actual en alternatives, com I’estany, €S

prometedora.

Agquest conjunt de caracteristiques fa que les perovskites siguin una opcid
destacada i competitiva per a aplicacions optoelectroniques sostenibles i de gran

rendiment, amb un gran potencial per transformar diversos sectors.

Capitol 3: Métodes i tecniques de caracteritzacio.

El capitol 3 d’aquesta tesi ofereix una analisi exhaustiva de les técniques de
fabricacié i caracteritzacio emprades per al desenvolupament dels materials. Aquest
capitol aborda els métodes de sintesi i diposit de materials, destacant el paper central
del spin coating. Aquesta técnica, apreciada per la seua senzillesa i versatilitat, és
fonamental per a la formacié de pel-licules primes homogeénies, tot i que presenta
reptes inherents. Es detalla també la importancia de parametres com I’eleccio de
dissolvents i les condicions ambientals, amb émfasi en la humitat relativa de
fabricacio, un factor que s’explora en els capitols posteriors. En el sentit de les
condicions de fabricacid, es ressalta la utilitat de les caixes de guants, que permeten
operar sota atmosferes controlades amb nivells ultrabaixos d’oxigen i humitat.
Aquestes condicions sén d’us comu per a la fabricacid de dispositius fotovoltaics
basats en perovskites amb la finalitat d’evitar, en molts casos, la degradacié dels

materials i assegurar la consisténcia i estabilitat dels dispositius fabricats.

Quant a les tecniques de caracteritzacio, el capitol aprofundeix en una amplia
gamma de metodologies experimentals. La difraccid de raigs X (XRD) s’utilitza per
determinar ’estructura cristal-lina 1 les fases presents, mentre que I’espectroscopia
UV-Vis proporciona informacio sobre les propietats optiques. També s’utilitzen
técniques com 1’espectroscopia ATR-FTIR, per analitzar la quimica superficial, i
I’espectroscopia XPS, per caracteritzar la composicio elemental i I’estat quimic a
nivell superficial. Pel que fa a I’estudi de la morfologia i estructura a escala
nanometrica dels materials, aquesta s’adreca mitjancant 1’as de teécniques de
microscopia electronica d’escombratge (SEM de [I’anglés scanning electron

microscopy) i de transmissio (TEM de 1’anglés tranmission electron microscopy).

En conjunt, aquest capitol no només proporciona una descripcio detallada de les

tecniques utilitzades, sind que també subratlla la seua rellevancia per a 1’optimitzacio
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i el disseny de dispositius optoelectronics avancgats, posicionant aquest treball en la

frontera de la investigacio en materials de perovskita.

Capitol 4: Metode de cristal-litzaci6 in situ de pel-licules primes de nanoparticules
de perovskita ajustables i estables.

El Capitol 4 introdueix una metodologia simplificada, rapida i rendible per a la
sintesi in situ de nanocristalls de perovskita a I’interior d’una matriu organometal-lica,
produint pel-licules de nanocomposits amb propietats optiques excepcionals i una
estabilitat notable. Amb un PLQY que arriba al 80% i una durabilitat superior a un
any, el métode destaca per no requerir recuit, produint pel-licules primes uniformes
amb una gran resistencia al desgast mecanic. Ajustant la carrega de precursors al film
final, s’aconsegueix un control precis de la dinamica de cristal-litzacio, que permet
ajustar la mida final dels cristalls. A més, la mida dels cristalls de perovskita s hi pot
modular exposant-los a diferents condicions d’humitat relativa, amb els espectres de
PL i d’absorcié mostrant respostes diverses als nivells d’humitat. Aquesta influencia
de la humitat s’estudia més a fons al Capitol 6, on s’atribueix, a efectes d’agregacio i
transicions d’estructura cristal-lina, I’augment de la mida resultant dels nanocristalls.
Aquesta metodologia de sintesi de nanocomposits de perovskita estableix una base
solida per al desenvolupament de dispositius optoelectronics de gran area amb
funcionalitats superiors. A més estableix una via senzilla per ajustar directament el
bandgap mitjancant la manipulacio precisa de la dinamica de cristal-litzacié dels
nanocristalls, ressaltant el seu potencial per a aplicacions optoelectroniques de nova

generacio.

Capitol 5: Cristal-litzacio controlada de nanocristalls de perovskita: Un protocol

de sintesi in situ comprensiu.

En el Capitol 5, es dissenya un protocol complet per oferir una comprensié més
profunda de la dinamica de cristal-litzacié dels nanocristalls de perovskita i el gran
potencial d’aquesta técnica de sintesi. Un aspecte critic d’aquesta exploracié implica
el desenvolupament i Us de cambres especialitzades en el control d’humitat, una
estrategia clau per garantir un control precis sobre les propietats finals dels

nanocristalls i explotar completament la versatilitat d’aquesta nova metodologia.
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Capitol 6: Mecanisme de passivacio en nanocristalls de perovskita CH3NH3PbBr3

basats en nanocomposits altament luminescents.

Al Capitol 6, s’exploren en profunditat els mecanismes de formacié i passivacio
de nanocristalls de perovskita a I’interior de matrius. A més, s’hi presenta una analisi
detallada dels diferents processos al llarg de la cristal-litzacio i el seu impacte directe
en la millora de les propietats optiques dels nanocomposits. Aquest estudi proporciona
una comprensié significativa de la dinamica de cristal-litzacié del sistema de
nanocristalls estudiat als Capitols 4 i 5. Contrariament als efectes de degradacio i
quenching habituals de I’aigua en les perovskites, es demostra que nivells d’humitat
relativa superiors al 20% son essencials per promoure la transformacio d’estructures
0D en nanocristalls de perovskita 3D dins de la matriu d’acetat. Quan els nivells
d’humitat relativa son baixos (< 20%), la sintesi produeix predominantment fases
cristal-lines no emissives, com MA4PbBrs i PbBrOH, mentre que una humitat més alta
afavoreix la formacié de nanocristalls de perovskita 3D luminescents. Els estudis de
PLE mostren que aquests materials amb major bandgap (0D i PbBrOH) actuen com a
filtres UV neutres en lloc de contribuir al PLQY. En canvi, I’increment del PLQY es
deu principalment a la generacidé d’ions OH, que passiven de manera efectiva els
defectes en els nanocristalls 3D i milloren les seues propietats optiques. Investigacions
sobre la fotoluminescéncia dels nanocomposits MAPDbBTr3 sota entorns de gas variables
I en abseéncia d’aire confirmen que 1’eliminacié d’aigua dels nanocristalls comporta un
quenching significatiu de la PL, subratllant la naturalesa reversible de la passivacio
induida per I’aigua. Aquestes troballes posen en relleu el potencial transformador de
’estrateégia de sintesi desenvolupada, establint-la com a base per a futurs avangos en

el camp dels materials i tecnologies basats en perovskites.

Capitol 7: Sintesi rapida i senzilla de cél-lules solars de perovskita CsPbl3

mitjancant la incorporacio d’acetat de niquel

En el Capitol 7, es presenta una metodologia sintética innovadora per a la
fabricacio de cel-lules solars de perovskita de CsPbls que destaca per ser rapid
(cristal-litzacio en 10 segons), a baixa temperatura (per sota de 250°C) i més

respectuds amb el medi ambient, comparant amb rutes de sintesi classiques, ja que no
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fa servir antisolvents ni DMF. Aquesta nova metodologia permet obtenir cel-lules
solars, amb una eficiencia de conversié de poténcia (PCE de I’anglés power converion
efficiency) superior al 12% en una configuracié mesoscopica n-i-p, amb una estabilitat
superior a les 600 hores en seguiment del punt de maxima potencia (MPPT de I’anglés
maximum power point tracking) i una pérdua de rendiment de menys del 20%. A més,
sota il-luminacio blanca freda i calida, els dispositius aconsegueixen eficiencies
destacables de més del 15% i 17%, respectivament, mostrant el gran potencial de les
cel-lules solars de perovskita CsPbls amb Ni(AcO): per a la captacio eficient d'energia
en ambients interiors. A banda de les millores en el rendiment, el métode de sintesi
que incorpora I’acetat de niquel t€ un impacte ambiental reduit, amb una disminuci6
del 70% en les emissions de gasos d'efecte hivernacle en comparacio amb les rutes
classiques de sintesi d’aquest material. Aquest enfocament senzill, representa un pas
significatiu cap al desenvolupament de materials de perovskita purament inorganics,

eficients i estables per a aplicacions fotovoltaiques.

Capitol 8: Conclusions.

El metode de sintesi desenvolupat al Capitol 4 permet formar rapidament
nanocristalls de perovskita amb una eficiencia de fotoluminescencia del 80% i una
durabilitat superior a un any. Els esfor¢os futurs haurien de centrar-se en 1’escalabilitat
per a aplicacions de gran area i en I’avaluacio de I’estabilitat dels materials sota

diverses intensitats d’il-luminacio (per a aplicacions en LEDs com down-converters).

La modulacié de la humitat com a eina per controlar les propietats dels nanocristalls
de perovskita ofereix un gran potencial per personalitzar materials per a aplicacions
industrials. Una possible ampliacio d’aquesta sintesi inclouria el monitoratge en temps
real de la cristal-litzacio sota diverses condicions ambientals, millorant aixi el control
sobre els materials. La humitat juga un paper clau en la passivacid, amb grups OH, i
millora de les propietats optiques dels nanocristalls generats, pero, tot i aixo, calen
estudis per desenvolupar estratégies que mitiguen la degradacié a llarg termini, com
encapsulacions avancades. A més, calculs basats en teoria funcional de densitat (DFT
de I’anglés Density Functional Theory) podrien guiar noves estratégies per optimitzar

els materials.
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Pel que fa a la sintesi desenvolupada al capitol 7, la incorporacié de Ni(AcO):
en films de CsPbls ha demostrat ser una estratégia prometedora per millorar
I’eficiéncia i estabilitat de les cél-lules solars. D’esta manera, la seua escalabilitat
requereix abordar desafiaments com I’estabilitat en condicions ambientals aixi com la
possibilitat d’adaptar aquest tipus de sintesi a un procés a escala industrial tot sense
comprometre’n les seues propietats. A banda, la sostenibilitat ambiental continua sent
un repte clau. Tot 1 que el métode basat en DMSO 1 acetat de niquel redueix 1’us de
dissolvents toxics i les emissions de gasos d’efecte hivernacle, cal abordar la gestio de
residus com Pblz i Ni(AcO)2-4H20 en les capes absorbents. La recerca en alternatives
no toxiques, com Mg(AcO)2, podria ajudar a equilibrar la sostenibilitat amb un alt

rendiment, a més d'explorar materials de perovskita Iliures de plom.

IMPLICACIONS DE LA TESI

Els materials desenvolupats en aquesta tesi no només han avancat el
coneixement sobre les perovskites i els seus derivats, siné que també han demostrat un
gran potencial per a aplicacions tecnologiques. D’aquesta forma, a partir de les tasques

de recerca d’aquesta tesi han sorgit diverses patents:

1. Rafael Abargues Lopez, Pedro Javier Rodriguez Cantd, Juan P. Martinez

Pastor, Jaume Noguera, Sixto Giménez Julia, Miguel Garcia Tecedor

Pel-licula catalitica d'oxid de niquel, procediment per a la seua obtencio i els
seus usos. Data de prioritat: 19 de juny de 2019. Intenanomat S.L. (10 %),
Universitat de Valencia (55 %), Universitat Jaume 1 (35 %). N° de sol-licitud
P201930558.

2. Jaume Noguera Gomez, Pablo Pérez Boix, Rafael Abargues

Métode de preparacid de capes de nanocristalls de perovskites d'halur
metal-lic, nanocomposit en forma de pel-licula nanometrica format per
nanocristalls de perovskites, capes de nanocristalls de perovskites d'halurs
metal-lics i usos de les capes. Data de prioritat: 23 de juliol de 2021. Universitat
de Valencia. N° P202130716.

3. Jaume Noguera Gémez, Pablo Pérez Boix, Noemi Farinds, Alejandro Saura,

Juan Martinez Pastor, Rafael Abargues
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Métode de preparacio de capes d'oxid de pal-ladi no estequiomeétric. Data de
prioritat: 8 de juny de 2023. Universitat de Valencia. N° de sol-licitud
P202330481.

4. Jaume Noguera Gomez, Rafael Abargues, Pablo P. Boix, Teresa Ripollés,
Victor Sagra, Marta Vallés, Sandy Sanchez.

Procediment per a l'obtencié d'un recobriment de perovskita composta,
perovskita composta i les seves aplicacions. Data de prioritat: 12 de juny de
2024. Universitat de Valencia (90 %) i Escola Politécnica Federal de Lausana
(EPFL) (10 %). N° de sol-licitud P202430479.

La primera patent descriu un metode per obtenir nanocomposits a partir d’acetat
de niquel per a diferents aplicacions, on destaca 1’electrolisi de 1’aigua per a la
produccid d’hidrogen. La segona descriu un métode per a I’obtencié de nanocristalls
de perovskites en forma de nanocomposits, per al seu Us en dispositius optoelectronics.
La tercera descriu un meétode per al a preparacié de capes d’oxid de paladi. La quarta
patent descriu un métode per a I’estabilitzacié de la fase activa de CsPbls mitjancant
d’acetats de metalls de transicio per a diferents aplicacions, on hi destaca la

fotovoltaica.

Aquestes contribucions obrin camins prometedors cap a la generacié de noves

tecnologies amb potencial impacte social.
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