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humidity (H20) for 24 hours RH ~70%. Stoichiometry Pb:A ratio is 1.09:
1 for EL, and 0.95: 1 for EO.
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Figure 5.1

Figure 5.2
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azimuth angle (X) along the ring at g, (1.012) corresponding to the plane
(001) for a cubic structure at different incident angles @, 0.1° (sutface) and
0.5° (bulk) for (C) EL and (D) EO. Schematic of the hypothesized
rearrangement of the crystal orientations at the surface and bulk in the
(001) plane for (E) EL and (F) EO.

Optical measurements: (A) steady state normalized PL spectra for EL and

EO LHP deposited over FTO, (B) band gap from the PL emission peak
and (C) UV-VIS absorption spectra. Without humidity exposure (w/o
H>O) and exposed to humidity (H2O) for 24 hours RH ~70%.
Stoichiometry Pb:A ratio is 1.09: 1 for EL, and 0.95: 1 for EO.

Solar cell characterization. (A) Boxplots of Jsc, and PCE showing the
distribution of all measured devices in a reverse bias for different
stoichiometries with or without exposure to humidity /-1 curves of the
best pixel for (B) EL and (C) EO devices without (w/0) and with exposute
to humidity (H2O). Inset graphs show the maximum power point tracking
(MPPT) for 170 s for a random pixel studied (not corresponding to same
pixel from J-V curve). (D,E) Average PCEMPP from the stability aging
test by maximum power point tracking (MPPT) for 170 hours from a total
of 10 pixels for (D)EL (D) and (E) EO.

XREF for the elemental ratio between Br:Pb and XBIC for the different set

of solar cells (A) EL and (B) EO, with and without humidity treatment.
Scale bar is 5 mm (C) Boxplot and normal distribution of the integrated
XBIC data for EL and EO solar cells.

Reorientation mechanism in excess organics CsMAFA LHP thin films.

Humidity-induced structural phase transformations by zz-sitn GIWAXS.
The structural phases analyzed are (A) tetragonal b-perovskite of space
group P4/ mbm (left), 2H FAPbI; hexagonal non-perovskite phase of space
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phase of space group Puma (right). By in-situ GIWAXS we studied the
phase transformations of CsFA b-perovskite in (B) H20/Air, (D)
H>O/No, (F) dry air, and where (C, E, G) are the corresponding integrated
areas of the main scattering peak of each phase.

Surface chemistry by XPS. XPS spectrum of the peaks: (A) N 1s, (B) I
3d, (C) O 1s of CsFA perovskite, FAIL, and Pbl; films w/o and after
H,O/Air exposure. For the CsFA perovskite films, panel (D) Atomic ratio
of Iodine (I), Cesium (Cs), Nitrogen (N, FA), or Oxygen (O) normalized
to lead (Pb), w/o and after HyO/Air exposure. CsFA perovskite films
without (w/0) H»O exposure (green) were fabricated in a nitrogen
glovebox and exposed to room atmosphere while mounting the XPS
measurement. CsFA films after HoO/Air exposure (blue) were fabricated
in a nitrogen glovebox, exposed to humidity, and then measured.

DFT calculation of iodide oxidation and superoxide formation on the
perovskite surface. Panel (A) visualizes the formation of IO,- species upon
oxidation of surface iodide ions [Rx. 1]; from left to right: hypoiodite, 10-
; iodite, 1027 iodate, 1037 and periodate, 104. All oxidized species are
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explicitly highlighted, and reaction energies are given (see computational
methods for details). (B) Reaction mechanism [Rx. 2 and 3] of (left) lead
(II) iodate, Pb(IO3)2, formation by consumption of oxygen molecules, and
(right) removal of Pb(I0s3); resulting in a surface vacancy VPblz. The
following color code is used for the atomic representations: purple, I; cyan,
Pb; blue, N; green, Cs; gray, C; white, H; red, O.

Surface and bulk mechanism when CsFA is exposed to H2O/Air. (I) H2O

is adsorbed on the CsFA surface, promoting the loss of FAI (g). Surface
vacancies are created leading to preferential oxygen binding sites, favoring
the oxidation of iodide and energetically favorable (II) formation of
Pb(103)2, which will (III) create a Pbl vacancy. Surface vacancies and the
loss of FAI will lead to faster phase segregation and (IV) phase
transformations from mixed-cation perovskite into single-cation non-
perovskite phases.

FAPI-PEAI experimental design. (A) Schematic representation of the
preparation of PEAI-treated FAPI films by spin coating PEAI as a post-
deposition process after FAPI annealing. (B) Schematic showing the
suggested structure at the surface and bulk after PEAI deposition into the
3D FAPI perovskite. (C) The solar cell device architecture adopted in this
study.

GIWAXS analysis of the untreated FAPI films. (A) 2D pattern at two
different incident angles 0.05 ° for the surface, 0.5 © for the bulk. (B)
circular average showing the ranges where LD PEAI-based, hexagonal
polytypes, and perovskite peaks are expected. (C) Schematic of
crystallographic phases observed at the surface and bulk of FAPIL The
legend of the non-perovskite phases is shown in the schematics.

GIWAXS analysis of the 1 mg/mL PEAI-treated FAPL (A) 2D GIWAXS

pattern at two different incident angles 0.05° for the surface, 0.5° for the
bulk. (B) Circular average showing the ranges where LD PEAI-based,
hexagonal polytypes, and perovskite peaks are present. (C) Schematic of
crystallographic phases in the FAPbI; surface and bulk. The legend of the
non-perovskite phases is shown in the schematics.

GIWAXS analysis of the 5 mg/mL PEAI-treated FAPL (A) 2D GIWAXS
pattern at two different incident angles 0.05° for the surface, 0.5° for the
bulk. (B) circular average showing the ranges where LD PEAI-based,
hexagonal polytypes, and perovskite peaks are present. (C) schematic of
crystallographic phases in the FAPbI; surface and bulk. The legend of the
non-perovskite phases is shown in the schematics.

Surface chemistry by XPS on FAPI films treated with PEAIL (A) C 1s, (B)
N 1s, and (C) Pb 4f spectra.

The effect of PEAI concentrations on (A) PL emission and (B) trPL

carrier lifetime. (C) Chatge cattier mobilities from THz. 1 mg/mL PEAI
is labeled “1 PEAI” and 5 mg/mL PEAI is labeled “5 PEAT”.
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Figure 6.7
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Figure 6.10

Figure 6.11

Figure 6.12
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Figure 7.1

FAPI Solar Cells. (A) Open circuit voltage (Voc) and (B) PCE for solar
cells with FAPI untreated and treated with PEAI The data points are
plotted in boxplots which show the median (central line) and the lower and
upper quartiles (25% and 75%) (bottom and top lines of the box,
respectively). (C) J-V curves of a high-performing device of the FAPI
untreated and treated with 5 mg/mL of PEAL

PEALI layer to stabilize the CsFA perovskite in HyO/Air. Panel (A) shows

H>O adsorption energy on a CsFA surface and CsFA-PEAI surface
calculated by DFT. From GIWAXS measurements in Figure CS14, (B) is
the integrated area of the main scattering peak of each phase in H>O/Air,
and (C) the 2D GIWAXS patterns from the surface and bulk
measurements after 600 min exposed to HxO/Air for the (left) PEAI-
treated CsFA films, and (right) untreated-CsFA.

The effect of PEAI layer on perovskite solar cells with (A) n-i-p
architecture. We evaluated the solar cell performance. Panel (B) shows the
current density-voltage curve and stabilized PCE of a high-efficiency
device, and (C) shows the statistics of the PCE in box plots for the CsFA-
untreated and PEAl-treated, w/o and with H,O exposure. The inset
pictures show the device after HyO/Air exposute before depositing the
Spiro-OMeTAD and Au layers. We evaluated the long-term stability by
tracking the maximum power point of 16 devices under the stress of one
sun and constant electrical measurement. We plot (D) the average and
normalized power, equivalent to PCE, of the measurements done at 25 °C,
dry air, and one sun illumination.

Mixed-cation and mixed-halide perovskite compositions of study. (A)
Selected compositions to study the #z-situ phase transitions from 300 K to
23 K, (B) Bandgap from UV-VIS at room temperature.

Structure from powder XRD at 300 K. (A) XRD patterns for different Cs-
Br concentrations for the (Cs,FA)Pb(I,Br); compositions at 300 K and
vacuum, (B) Structural phases from Le Bail refinements, (C) Calculated

unit cell volume for the (Cs,FA)Pb(I,Br); compositions at 300 K.

Composition — Temperature phase diagram. Mixed-halide Mixed-cation
lead halide perovskites in the (Cs,FA)Pb(I,Br); compositional space. (A)
without Cs (CsOBzy) as a function of Br, (B) Cs 5% (Cs5Bry) as a function
of Br, (C) Cs 17% (Cs17Bxy) as a function of Br.

The effect of adding Br into the (Cs,FA)Pbls lead halide perovskites by 7#-
sitn X-ray diffraction in a Cs 5 % composition. (left) Temperature versus
diffraction plot from 21.5-27 °, and (right) one-dimensional diffraction
patterns in two ranges of 20, from 11-15 © and 21.5-32 °. (A) Cs 5 %, and
no Br (0 %), (B) Cs 5 % adding Br 17 %.
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Figure 7.2 The non-perovskite hexagonal FAPbI; structure and opportunity to 140
investigate its structural, optical, and electronic properties further, into a
new application space.

Figure 7.3 Adding Br to the CsFA perovskite has shown to stabilize the perovskite 142
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SUMMARY

Lead halide perovskites (LHPs) solar cells, particularly FA-based, have made impressive
advancements in solar energy conversion, achieving high power conversion efficiencies
exceeding 26% for a single junction device. However, the limited long-term stability of these
devices has hindered their commercialization. The instability issues are influenced by both
internal and external factors, leading to rapid degradation of the perovskite phase and overall
device performance. Various strategies have been used to stabilize the perovskite phase, but it
is crucial to investigate the underlying mechanisms that govern the structural characteristics of
the polycrystalline thin films. This dissertation tackles the challenges associated with the
instability of LHPs by investigating the complex relationship between structure, properties,
and performance in perovskite solar cells. Advanced X-ray characterization techniques are
employed to examine the structural properties of FA-based compositions. Understanding the
mechanisms and establishing correlations between structure and properties is possible to lay
the foundation of a more robust, stable, and efficient material. This dissertation presents a first

step toward the design and optimization of LHPs.

The first part of this dissertation explores the crystallographic orientation in lead
bromide perovskites, demonstrating that the solvent and organic cation used in the precursor
solution significantly affect the preferred orientation of the deposited perovskite thin films.
The solvent affects the early stages of crystallization and induces preferred orientation by
preventing colloidal particle interactions. The choice of organic cation influences the degree
of crystallographic orientation, with methylammonium-based perovskites showing a higher
degree of orientation than formamidinium-based ones due to a lower surface energy of a

specific perovskite facet. These findings identify the importance of understanding (1) the

XX



precursor solution chemistry, (2) the facet properties and their correlation with the structural
properties of the polycrystalline LHP film, and (3) the effect of crystallographic orientation on

charge carrier transport in perovskite solar cells.

The second part of this dissertation studies the mechanisms causing FA-based lead
iodide perovskites to degrade under water and oxygen exposure. Contrary to common
knowledge on humidity-induced degradation, this dissertation reveals the synergistic role of
water and oxygen in accelerating phase instability of LHPs. The study uncovers a surface
reaction pathway involving the dissolution of formamidinium iodide (FAI) by water followed
by the oxidation of iodide, playing a crucial role in causing the subsequent and irreversible
undesired phase transformations from perovskite into non-perovskite phases. The interplay
of in-sitn experimental techniques with theoretical calculations provides a detailed
understanding of the degradation mechanisms, establishing a foundation to design more
durable and efficient materials. Finally, this dissertation delves into strategies for stabilizing
the perovskite phase. A hydrophobic molecule, phenethylammonium iodide (PEAI), stabilizes
FA-based perovskites. Adding PEAI hinders undesired phase transformations and leads to a
more stable material with improved solar cell power conversion efficiency and enhanced
charge carrier mobilities and lifetimes. Further, adding Br to mixed cation lead iodide

perovskites improves their phase stability at low temperatures.

Opverall, understanding structure-property-performance relationships in lead halide
perovskites is key for resolving the main challenge of instability in perovskite solar cells. This
dissertation lays the groundwork for future research efforts to investigate the fundamentals of

LHPs, improve their stability, and broaden their applications in solar cells and beyond.
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CHAPTER 1. INTRODUCTION

1.1  Energy Background

The urgent need for a clean and sustainable energy production system has been emphasized
by the growing energy demand, existing energy infrastructure, and the impact of climate
change. Developing new energy conversion technologies is one of the most significant
scientific challenges of this century."” Energy plays a crucial role in sustaining our living
standards, education, and overall development.! Over the past 20 years, global energy
consumption has increased by 37 % ° (Figure 1.1). However, the majority of energy
production still heavily relies on fossil fuels, resulting in the release of greenhouse gases such
as CO,.! This has contributed to the rising concentrations of greenhouse gas in the

atmosphere, thus expediting climate change."*
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Figure 1.1 World Final Energy Consumption in Mtoe (mega tonnes of oil equivalent, 1 toe equals to
41.868 GJ), taken from the International Energy Agency (IEA) Sankey open website.

Renewable energies, on the other hand, derive from clean natural resources that are not
depleted over time.” In order to address climate change and reduce greenhouse gas emissions,

there has been a gradual increase in the production and utilization of renewable energy sources.



The share of renewable energy in the total energy mix has risen from 13.7 % in 2012 to 20.9
% in 2022 in the United States.® As a result, the cost of renewable energy has been decreasing,
making it a more competitive alternative to fossil fuels and facilitating the transition to a

renewable energy system.

2012 2022
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Figure 1.2 Pie charts of the percentage in total net production of energy for all the OECD countries
taken from the Monthly Electricity Statistics from the IEA (International Energy Agency).6

Policies and incentives have been put in place to support the adoption of renewable energy
sources and further drive down costs.” Consequently, renewable energy production has
increased from 21.7 % in 2012 to 31.2 % in 2022 for all the countries part of the Organization
for Economic Co-operation and Development (OECD) (Figure 1.2).° However, despite this
growth and improvement of renewable energy technologies, fossil fuels still account for 53 %
of global energy production (Figure 1.2).° Moreover, first-world countries continue to heavily
rely on fossil fuels,” presenting a significant barrier to a complete transition to renewable
energy. The challenge lies not only in developing renewable energy technologies but also in
phasing out fossil fuels and ensuring a complete energy transition. While renewable energy
prices are becoming competitive, there remains a major challenge in developing cost-effective

technologies that are equally efficient.



1.2 Solar Energy and Photovoltaics

Solar energy, produced by converting sunlight into electricity, is a significant player among
renewable energy alternatives. Currently, it accounts for 10 % of the total renewables and 3.2
% of global energy production (Figure 1.2). There is vast potential in utilizing more solar
energy to meet our world’s energy consumption needs. In the past decade, global solar energy
production has increased by a staggering 700 % (Figure 1.2). The attractiveness of solar energy
has been on the rise due to declining costs and advancements in solar technology, such as the
decreased in the levelized cost of electricity (LCOE).”" To further reduce the LCOE, it is
necessary to improve solar cell efficiency and develop low-cost technologies.”" Therefore,
growing solar energy technologies play a pivotal role in transitioning from fossil fuels to
renewables, offering low-carbon emission options to meet energy demands and sustain the

energy market.

One prominent solar energy technology is photovoltaics (PVs), which employ
semiconductor materials to convert solar energy into electricity.! Since the discovery of the
PV effect in 1839 by Edmond Becquerel and the fabrication of the first silicon solar cell by
Bell Labs in 1954," silicon PV systems have gained significant traction in the energy market."”
Currently, China leads the world’s solar energy production, accounting for 31 % of the global
solar energy generation and 36 % of the world’s solar plant capacity. The United States also
ranks among the top producers, contributing 15 % to wotldwide solar energy production.’
Despite solar energy being a major source of power on our planet, the efficiencies of single
junction (S]) PV devices are theoretically limited to 33 %, the Shockley-Queisser (SQ) limit."

This limit considers losses from solar spectra mismatch and radiative recombination.'



Therefore, there is ample opportunity to optimize materials and interfaces to enhance

efficiency and reduce further the LCOE associated with these energy conversion systems.

PV technologies are categorized into generations based on materials and development
over time. The first PV generation consists of silicon-based technologies, which were the
pioneering solar cell technologies starting in 1954. The second PV generation encompasses
thin-film solar cells that employ alternative semiconductor materials like cadmium telluride
(CdTe), cadmium sulfide (CdS), or copper indium gallium selenide (CIGS). The third PV
generation, also known as “next-generation” solar cells, are the emerging and under-
development technologies. Examples include dye-sensitized solar cells (IDSSC), organic solar
cells (OSC), and perovskite solar cells (PSC), along with other novel materials for PV
applications."" Perovskite materials have been used as promising complements to existing
silicon and other semiconducting materials, serving as absorber layers in solar cells. The main
goal of PV research remains in improving efficiencies and lowering the costs to facilitate a

complete transition to renewable energy sources.
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Figure 1.3 Best Cell-Efficiency chart for the 1%, 274, and 39 generations of single junction PVs. Data
taken from NREL chart.!? Dashed-line indicates the SQ limit of single-junction maximum efficiency.



The progress of solar cells is often measured by comparing the highest research-cell
efficiencies achieved. Figure 1.3 shows the efficiency growth over time and across different
PV generations.'” PSCs (represented by orange dots) have exhibited remarkable advancement
in just 12 years of development, highlighting their potential for solar energy conversion. The
maximum efficiency of PSCs reported to date is 26.1 %," matching the efficiency of silicon-

based S]J cells.

1.3 Perovskite Solar Cells: Opportunities and Challenges

Lead halide perovskites (LHPs) are the most used semiconductors in PSCs mainly because of
their advantages, including excellent optoelectronic properties and low-cost processing.”*
One of their main advantages is their compositional tunability, allowing for the incorporation
of multiple ions within the same structure and enabling control over their optical and electrical
properties. This versatility has led to the inclusion of various organic and inorganic cations,
expanding the range of properties within the LHP family. Notably, their bandgap, which
determines the energy levels of the semiconductor, can be adjusted, making it paramount to

optimize the alighment with other layers in PSCs.

Among the LHP compositions, formamidinium (FA, CH(INH>),) lead iodide (FAPbI5)
has gained significant attention due to its ideal bandgap of 1.48 eV for PV applications,
allowing greater spectral absorption.”” In fact, FA-based LHP compositions have achieved
some of the highest reported efficiencies in solar cells, reaching up to 26.1 %."” However,

despite their impressive performance, LHPs suffer from long-term instability, jeopardizing

16—

their commercial deployment.'*"® Especially, LHPs based on FA, present structural instability

19,20

and different polymorphs.



The perovskite structure is characterized by corner-sharing octahedra, as depicted in
Figure 1.4 (left). However, at room temperature, the thermodynamically stable phase of
FAPDI; adapts a hexagonal non-perovskite structure with face-sharing octahedra, as shown in
Figure 1.4 (center).” Other polymorphs of LHP compositions exhibit edge-shating octahedra
forming an orthorhombic structure, also shown in Figure 1.4 (right).'*' It is important to

note that non-perovskite phases can negatively impact the performance of PSCs.'

APbX, APbX, APbX,

Perovskite Non-Perovskite Non-Perovskite

Figure 1.4 Polymorphism in APbX; includes a (left) perovskite phase and (center, right) non-perovskite
phases.

Despite their unique optoelectronic properties, LHPs are highly unstable when exposed
to external factors such as humidity, oxygen, UV light, applied voltage bias, and
temperature.'*”>* A deeper understanding of the degradation mechanisms is still required to
make PSCs suitable for outdoor applications and commercialization. To enhance phase
stability and solar cell efficiency, researchers have undertaken compositional engineering of
LHPs, incorporating multiple A-site cations (e.g., methylammonium (MA), cesium (Cs), and
FA) and multiple X-site halides (e.g., iodine (I) and bromine (Br)).” In the case of complex
mixed-ion compositions and FA-based LHPs, it is essential to identify the factors influencing

their structural properties. However, there is a lack of comprehensive understanding regarding



the dominant factors governing the structure and behavior of FA-based LHPs, as well as the

underlying reasons for their transformation under external factors.

To address these knowledge gaps, advanced characterization techniques, such as
synchrotron-based X-ray methods, provide valuable insights into the atomic, nano, and
microscale properties related to the structural and chemical characteristics of LHPs. Such
information is critical for understanding the limitations on PSC performance and long-term
stability. Only a limited number of studies have investigated the 7n-situ effects of external
factors on the material’s transformation and the gperando behavior of devices. Establishing
structure-property relationships and comprehending the 7z-situ transformation of materials are
crucial steps toward designing more stable perovskite materials with desired optical and

electric properties for enhanced solar cell performance.

1.4 Aim of this Dissertation

The main aim of this dissertation is to address the instability challenges that have hindered the
development and commercialization of LHP-based solar cell technologies. This dissertation
focuses on studying structure-property relationships in LHPs using X-ray scattering
techniques. Additionally, X-ray absorption techniques are employed to gain insights into the
chemistry of LHPs, thereby merging structural and chemical information. The ultimate
objective is to understand how internal and external factors affect the chemistry, structure,
and properties (mainly optical and electronic) of FA-based LHPs and how these impact the
performance and stability of PSCs. This fundamental understanding will contribute to
designing robust and stable materials for solar cell applications, supporting the global energy

transition. Figure 1.5 illustrates the principal aim of this dissertation, which is to identify



structure-property relationships in LHPs for optimizing their stability and performance in

solar cells via chemical design.

This dissertation is divided into three main parts and seven chapters, as summarized
in Figure 1.6. The first part introduces the theoretical fundamentals and experimental
methods employed in this research. Chapter 2 provides a theoretical and state-of-the-art
background relevant to the dissertation, and Chapter 3 describes the main experimental
methods used for the material fabrication and characterization, including an explanation of

the X-ray scattering and absorption techniques employed.

Design Optimization

APbX, -
‘Charge Transport
Bulk and Interfaces Perovskite Solar Cells
Structure Property Performance

Figure 1.5 Graphical representation of the aim of this dissertation.

The second and third parts delve into the main results and discussion of this
dissertation. The second part, Chapter 4, presents the factors that dominate crystallographic
orientation in polycrystalline LHPs thin films and how this orientation affects the electrical
properties of the PSCs. It is shown that the choice of solvent and A-site cation influences the
preferred crystallographic orientation in lead bromide perovskites, leading to enhanced charge

carrier extraction in PSCs.



The third part explores the effect of external factors on the structural phase
transformations of LHPs. Chapter 5 investigates the mechanisms underlying phase instability
in FA-based LHPs when exposed to water and oxygen. The interplay between bulk phase
transformations and surface chemical reactions is elucidated, providing a detailed
understanding of the degradation mechanism and the synergistic role of water and oxygen in
accelerating undesired phase transformations. Building upon the insights from Chapter 5,
Chapter 6 proposes strategies to prevent phase transformations in halide perovskites. First,
using phenethylammonium iodide as a top layer on FA-based LHP films impedes undesired
phase transformations, resulting in improved phase stability and better performance of solar
cells when exposed to humidity. Second, adding Br to the mixed-cation FA-based LHP

compositions demonstrates improved phase stability at low temperatures.

Lastly, Chapter 7 concludes this dissertation. This chapter proposes additional
opportunities to advance LHP design based on the gained understanding of structure-property
relationships. This knowledge is highly valuable for advancing PSCs and will aid the global

energy transition into renewable technologies.

bacKkdrounda
11A4

Figure 1.6 Schematic summarizing the parts, chapters, and topics of this dissertation. Part one (blue),
part two (green), and part three (orange).




CHAPTER 2. BACKGROUND

This chapter has parts from the following review article:

“The Role of Dimensionality on the Optoelectronic Properties of Oxide and Halide
Perovskites, and their Halide Derivatives”, .Advanced Energy Materials, 2022, 12, 2100499,
by Robert L. Z. Hoye, Juanita Hidalgo, Robert A. Jagt, Juan-Pablo Correa-Baena, Thomas
Fix, and Judith L. MacManus-Driscoll.

My contribution: 1 wrote section 3 completely, “From 3D to 0D: Effect of Dimensionality on Recombination
and Charge-Carrier Transport in Lead Halide Perovskites”. In addition, I discussed and wrote part of the
conclusions.
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2.1 Lead Halide Perovskites

This dissertation addresses the energy challenges by studying energy materials such as
perovskites. Perovskites, with the chemical formula ABXj, have shown impressive potential
in energy-related applications, such as photovoltaics.” The major advantage of perovskites is
their compositional tunability of the A and B sites, resulting in various compositions with
different electronic, optical, and structural properties that can be adjusted to design a specific
property.”’” In this dissertation, I will discuss about lead halide perovskites (LHPs), APbX3, a

low-cost technology for solar cells with superb power conversion efficiency."

2.1.1  Cyrystal Structure

The term ‘perovskite’ refers to the mineral with the chemical composition CaTiO;, named
after the mineralogist Count Lev. A von Perovski.”*” For this reason, the term perovskite
determines the materials with similar crystal structure to CaTiOs. The general composition for
LHPs is of the chemical formula ABX; where A is an organic and or inorganic cation, B is Pb,
and X is a halide. In LHPs, Pb cations are octahedrally coordinated with the X-site halides (I,
Br, or CI). The lead-halide octahedra form a corner-sharing array, giving rise to a cubic,
tetragonal, or orthorhombic three-dimensional (3D) structure. The cuboctahedra cavities
(voids between octahedra) are occupied by the A-site cation, which needs to fall within a
narrow range of ionic radii for the perovskite phase to be achieved.” In general, single-ion
LHPs compositions have in the A-site: methylammonium CH3;NH; (MA), formamidinium

(CH).NH; (FA), or Cs, and in the X-site: I, or Br as shown in Figure 2.1A.
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The Goldschmidt tolerance factor can quantitatively describe the perovskite
structure,” which is defined in Equation 1, where 7, r, and r, are the ionic radii of the A, B,

and X-site as shown in Figure 2.1."

— _fatrp 1)
V2 (rp+ry)

Goldschmidt proposed that a perovskite structure phase would form if the value of the
tolerance factor was close to 1.0, forming an ideal cube.” It has also been found that a cubic
perovskite structure is possible if # lies in the approximate range of 0.9 to 1.0.”** Thus, for
LHPs, the A-site cation size will determine the perovskite’s phase and stability. A tolerance
factor greater than 1, a large A, and a small B will lead to a hexagonal packing of the AXj
layers resulting in a non-perovskite hexagonal phase.” A tolerance factor between 0.71 and 0.9
will distort the cuboctahedra coordination, resulting in a crystal structure of lower symmetry

than cubic, such as tetragonal or orthorhombic.”
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Figure 2.1 Lead halide perovskite structure ABX3 (A) A, B, and X site in the perovskite structure (B)
Calculated tolerance factor in ascendent order for selected perovskite compositions.
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In the case of LHPs, the tolerance factor was calculated for different compositions

=217 A r =253 A r= 119 A, 7, = 196 A, 1, = 2.20 A

assuming 7. = 1.67 A, 7, - > ey > Ty

Here, the weighted average at the A-site of the two different ions (i.e., Cs and FA) is applied
to define an effective ionic radius™ to compute the tolerance factor for compositions
Cs0.17FA083PbBr3; (CsFAPDBBr3) and Cso17FA0s3Pbl; (CsFEAPDI3). A smaller A-site cation, such
as Cs and MA, leads to a smaller tolerance factor, while Br, with a smaller radius, accounts for
a slightly larger tolerance factor (Figure 2.1B). Therefore, the ion size of A-site cations and
the halide have opposite effects on tolerance factor and the degree of size mismatch between
A-site cations and PbX, octahedra in structure. Given that the tolerance factor alone does not
precisely predict the perovskite phase limits, the tolerance factor has been plotted against the
ratio of the radii of the B-site cation to the X-site cation to define an octahedral factor 73/ 7.
The structure-field diagram was plotted for halide perovskites as shown in Figure 2.2,
showing combinations between AB and X that lead to perovskite structure phase formation

and those that do not.”
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Figure 2.2 Structure-field maps for tolerance factor ¢versus the octahedral factor for halide perovskites.?

13



Table 2.1 Crystal structure of lead halide perovskites studied in this dissertation.

Perovskite Temperature Crystal Structure Space Group Ref.
> 327K Cubic Pwi3m 3
MAPbI; 165 -327 K Tetragonal 14/ mem 33,34
<165 K Orthorhombic Puma 3
>255K Cubic Pri3m 3
MAPbBr; 155-255 Tetragonal 4/ mem 35
<150 Orthorhombic Prnma 3
300 Cubic Pr3m 1
FAPbI; 200 Tetragonal P4/ mbm 19
<140
>262 Cubic Pu3m 36
FAPbBr; 160-262 Tetragonal P4/ mbm 36
<160 Orthothombic Pnma 36
>550K Cubic Pri3m 37
CsPbl; 450-550K Tetragonal
<450 K Orthorhombic Pbnm 37,38
>403 K Cubic Pri3m 3
CsPbBr; 361-403 K Tetragonal P4/ mbm 39
Orthorhombic Prnma 3
(Cs,FA)PbI;3 Tetragonal P4/ mbm 40
(Cs,MA,FA)Pb(I,Br); Cubic Pri3m 4

Depending on the perovskite composition and temperature, the crystal structure is
classified into different crystal systems such as cubic, tetragonal, or orthorhombic, as shown
in Figure 2.3. Among the crystal systems, depending on the composition, the perovskite will
be classified into different space groups. Table 2.1 summarizes the main LHPs investigated

in this dissertation, showing the differences in their crystallographic properties.
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Figure 2.3 Perovskite crystal systems for FA-rich LHPs.

2.1.1.1  Polymorphism

FAPbI; has shown to be the most promising LHP to achieve high efficiencies in single-
junction solar cells.” The FAPbI; perovskite phase is known as the “black” phase, or a phase

when forming a cubic crystal structure with the space group P#3 (Table 2.1). Further, it has
been shown that FAPbI; adopts a tetragonal structure at 285 K of the space group P4/nbm,
which differs from its MA counterpart, MAPbI; (Table 2.1). However, the tolerance factor of
FAPbI; close to one is on the limit of creating a corner-sharing perovskite structure, given that
it can transform easily into the hexagonal phase. Therefore, FAPbI; has been shown to have
different polymorphs."” Different studies have investigated the structure of FAPbI;, showing
its polymorphism and strategies to obtain the perovskite phase structure.'® Even if different
strategies in the synthesis have allowed obtaining a FAPbI; perovskite phase at room
temperature, Weber et al. showed that the stable phase at room temperature of FAPbI; is the
face-sharing hexagonal phase, also known as the “yellow” phase, delta phase, or 2H phase

corresponding to the crystal space group P6;/mmc' (Table 2.2, Figure 2.4). In addition,
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Gratia et al. identified other hexagonal polytypes of FA-rich perovskites when mixed with MA

and Br.”’

Hexagonal polytypes are intermediate crystal structures between the fully corner-
sharing perovskite and the fully face-sharing hexagonal phase 2H (space group and lattice
parameters in Table 2.2). Hexagonal polytypes such as 4H and 6H (Figure 2.4) have both
corner-sharing and face-sharing octahedra. After identifying these hexagonal polytypes, more
works have identified other polytypes up to 11H, highlighting the importance of studying and

understanding their properties.*

Table 2.2 Crystal structure of non-perovskite phases studied in this dissertation.

Non- Crystal Space Lattice

perovskites polytype Structure Group Parameters Ref.
2H Hexagonal P65/ mme 2: 8.67, ¢: 7.90 20
FAPbI; 4H Hexagonal P63/ mme a: 8.81, c: 15.2 20
6H Hexagonal P63/ mme a: 8.84, c: 22.45 20
CsPbl; Orthorhombic Puma 2:10.45, b: 4.80 43
c: 17.77

CsPbl;sis also polymorph by adapting a perovskite phase only above 450 K.*® The
tolerance factor of CsPbl; is on the lower limit to form a perovskite (Figure 2.1). Therefore,
below 450 K, CsPbl; forms an edge-sharing orthorhombic structure known as 8Cs, shown in
Figure 2.4. Further, CsPbl; has been mixed with FAPbI; to form a mixed-cation Cs,FA1Pbl;
(CsFAPDL) stabilized perovskite structure.”** Mixed-cation CsFAPbI; has shown improved
stability of the perovskite phase and has allowed more accessible synthesis routes at room
temperature to obtain the desired crystal structure.” Theoretical calculations have shown that
adding the smaller A-site cation Cs into the FAPbI; structure results in the contraction of the

cuboctahedra voids from the corner-sharing octahedra structure, resulting in the strain of the
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Pbl octahedra, leading to stronger hydrogen bonding between the amine groups of the FA
and the iodide.” The decteased size of the voids leads to less FA motion and less octahedral
tilting at low temperatures.** The Cs-substitution limit has been determined to be around
15% to obtain the perovskite phase. Beyond 15% of Cs in the compositional matrix, the
CsFAPbI; phase segregates into perovskite and non-perovskite structures, such as the
thermodynamically stable 2H and 6Cs.* Figure 2.5 shows the reported phase diagram of
CsFAPDI; perovskites, showing the changes in crystallographic properties and mixed phases

as a function of temperature and Cs content in the FAPbI; perovskites.

2H 4H 6H 8Cs
P65/mmc

P6;/mmc Pnma

Lo

Figure 2.4 Non-perovskite ctystal structure adopted by APbX; compositions.

Other strategies have been used to stabilize the FAPbI; perovskite phase, for example,
incorporating smaller cations such as MA. Adding a short alkylammonium cation such as
MACI to the precursor solution has been used to obtain the highest PCE reported in PSCs."
Hui et al. stabilized the black phase FAPbI; perovskite by varying the solvent of the precursor
solution and using the ionic liquid, methylamine formate, instead of commonly used solvents

such as dimethylformamide (DMF) and dimethyl sulfoxide (DMSO).*" Park et al. added
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isopropylammonium chloride to the FAPbI; perovskite precursor solution to achieve stable

and long-term operational PSCs with one of the highest certified PCEs of 23.9%.*
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Figure 2.5 Schematic of the CsFA;Pbl; phase diagram with estimated phase-transition positions.

Reprinted with permission from Chem. Mater. 2020, 32, 2282-2291. Copyright 2020 American Chemical
Society.

2.1.2  Low-dimensional Ruddlesden-Popper Structures

Lead halide Ruddlesden-Popper (RP) structures have also been named 2D perovskite
structures as they are a layered derivative of the perovskite ABX;. The general formula is RoA,.
1PbaXs+1 where R is the bulky monovalent organic cation that sandwiches the inorganic layer,
n 1s the number of PbXj layers between the R organic ligands, and A is the small A-site cation
that can fit within the cuboctahedra voids of the inorganic layers, and X is the halide. The 2D
perovskites comprise a monolayer of inorganic corner-sharing lead-halide octahedra
sandwiched between organic ligands above and below the monolayer. By contrast, quasi-2D
structures have #» number of inorganic monolayers between the organic ligands. Increasing the
value of 7 from 1 to infinite tunes the structural dimensionality from 2D to 3D (the complete

network of corner-sharing octahedra). The organic ligands, or bulky cations used to form the
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RP phase in LHPs are typically alkyl chains or phenyl groups. Two of the most common bulky

cations are phenetylammonium (PEA) and butylammonium (BA).

The 2D structures can offer several advantages over the 3D counterparts in terms of
improved environmental stability. The replacement of 3D perovskites with RP phases has
enhanced humidity stability due to the hydrophobic side chains of the long-chained organic
cations.”” For example, Smith et al. used PEA as a moisture barrier for 2D-RP LHP layers,
obtaining films that did not decompose over the entire 46-day stability test in ambient air with
52% relative humidity. In that study, MAPbI; started degrading to Pbl, within 4 days under

50

the same conditions.” Liao et al. also improved stability over MAPbI; by using a low-
dimensional BA-Cs-based RP LHP.”" In general, perovskites with PEA or BA, apart from
acting as moisture barriers, lack of specific functionality and do not directly contribute to the

optoelectronic properties other than indirectly through modifying the crystal structure or

sometimes by modifying the exciton binding energy.”

Mixed 3D and 2D structures are known as multi-dimensional perovskites. This can be
achieved by mixing all the phases together into the bulk, or by having different structural
phases at the surfaces and interfaces. For example, 2D LHPs have been used as surface
treatments to create a top layer of the 3D bulk perovskite, forming a “capping layer”, that can
act as an interfacial passivation layer.” The environmental stability can be improved by
forming a “capping layer” of 2D LHP on a 3D LHP bulk.” The surface of LHPs is where
defects are easily formed. Therefore, passivating these defects is essential to achieve the highest
efficiencies in solar cells. In 2017, Grancini et al. fabricated 3D MAPDI; films where the surface
was capped by a 2D perovskite using amino valeric acid iodide.” To analyze the effect of the

3D/2D interface on the electronic properties, they used first-principles calculations to

19



determine the local density of states. From the calculations, they observed that the formation
of a mixed 3D-2D perovskite widened the bandgap of the 3D material in the interface, which
could form a barrier to reduce electron recombination. Ma et al. also improved device stability
by capping the 3D MAPDI;.Cl; with an organic layer of cyclopropyl ammonium iodide. The

hybrid composition was stable for 40 days compared to 8 days of the pristine 3D material.”

2.1.3  Electronic and Optical Properties

Defect intolerant Defect tolerant

! shallow ;
! states !

" X.. Pb(6s)

. r—

Figure 2.6 Electronic structure of defect intolerant semiconductors versus defect tolerant LHPs versus.
Reproduced with permission from Chem. Mater. 2017, 29, 4667-4674. Copyright 2017 American
Chemical Society.

LHPs have outstanding optoelectronic properties, namely high charge-carrier mobilities, long
diffusion lengths, tunable bandgaps, long charge carrier lifetimes, and high absorption
coefficients.”® In addition, .LHPs are defect-tolerant (Figure 2.6).”” To a large extent, the
beneficial properties of the LHPs can be attributed to the presence of Pb. The s and p orbitals
of the Pb** cations hybridize with the p otbitals of the I" anions to form an electronic structure
that is conducive to traps being shallow rather than deep, as seen in Figutre 2.6.” Defect

tolerance has been key in enabling LHP thin films to be grown by simple solution-based
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methods (previous section) at low temperatures while achieving and surpassing those of other

thin film and polycrystalline silicon solar cells.”’

2.1.3.1 Bandgap

LHPs are semiconductors, acting as the photo absorber layer in PSCs. Semiconductors are
characterized by having a bandgap E,, which makes their optical properties important for solar
cell applications. In an ideal semiconductor, the photons with energy higher than the E, are
absorbed by promoting an electron from the valence band to the conduction band."
Therefore, the onset of the absorption spectrum occurs at the energy of the bandgap. The
bandgap is the primary quantity defining how many charge carriers are generated from solar
photons with an energy greater than or equal to the E,. Maximizing the number of photons

that contribute to charge catriers in solar cells would require optimizing the E,.%'

When tuning
the bandgap to reach high-efficiency solar cells, there is a tradeoff between harvesting as many

photons as possible and maximizing the energy of the extracted charges."

LLHPs exhibit a direct bandgap, where the conduction band minimum is aligned with
the valence band maximum. In LHPs, the valence band is dominated by the Pb-s and I-p
orbitals, whereas the conduction band is contributed to the empty Pb-p orbital, as shown in
Figure 2.6 for the defect-tolerant material.”* In addition, owing to Pb** being a heavy metal
cation, there is strong spin-orbit coupling, leading to smaller bandgaps, which also favors
shallow trap formation.”® The A-site cation does not contribute to the density of states.
However, its size and rotation can affect the Pb-halide bond by changing the volume of the
structure and distortion. These changes in composition and structure can modify the bandgap

of the material.®
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In view of the compositional and structural versatility of LHPs, the bandgap can vary
and be tuned. Low-bandgap LLHPs are generally used for SJ solar cells, while high-bandgap
materials can be used for multi-junction solar cells. Multi-junction solar cells are several solar
cells stacked on top of each other with different bandgaps to overcome the SQ limit and
reduce thermalization losses.!' Table 2.3 shows the bandgap of some single-cation and single-
halide LHPs. Further, different studies have established relationships on the bandgap as the

X-site halide or A-site cation is replaced.®**

Table 2.3 Bandgaps of different single-cation single-halide LHP compositions.

Perovskite Bandgap E(eV) ¢

FAPbI3 1.51
MAPbDI3 1.59
CsPbls 1.72
FAPbBr; 2.25
MAPbDBTr; 2.30
CsPbBr; 2.31

2.1.3.2 Bandgap of Non-Perovskites

The optical properties and bandgap of FA and Cs non-perovskite phases have not been widely
investigated. There is a consensus that they are detrimental to solar cell performance,'® but
little information is available regarding their electronic and optical properties. Density
functional theory (DFT) calculations with and without spin-orbit coupling (SOC) have shown

the bandgaps of these materials, reported only in the last years.*"*>*° Table 2.4 shows the
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calculated bandgaps corresponding to the non-perovskite phases studied in this dissertation,

the hexagonal FAPbI; (2H), and the orthorhombic CsPbl; (8Cs).

From Table 2.4, we see that the bandgap increases for the non-perovskite phases,
with edge- or face-sharing octahedra, compared to the perovskites that are corner-sharing
(Table 2.3). Kamminga et al. studied the effect that the connectivity of the metal-halide
octahedra has on the bandgap in lead iodide systems by DFT.”” The bandgap size strongly
depends on the dimensionality of the inorganic network and on the number of iodides shared
between two adjacent Pb ions. This number of shared iodides varies from the corner-, edge-,
or face-sharing octahedra. From theoretical and experimental data, the bandgap increases with
the number of shared iodides. Increasing the connectivity from corner-, vzz edge-, to face-

sharing causes a significant increase in the bandgap.”’

Table 2.4 Bandgaps of Non-Perovskite Phases from DFT.

Bandgap
Non-perovskites Polytype Space Group Method E (eV) Ref.

FAPbI; 2H P6s/m GGA-PBE 2.7 05

GOWO +soc 3
CsPbls Prma GGA-PBE 217

PBE-SOC 264 o

Specifically, from the structural analysis of the hexagonal face-sharing 2H phase, the

rearrangement in the Pb-I-Pb angles increases the average Pb-I bond lengths from the
perovskite phase (a,f) to the hexagonal phase. The increase in the Pb-I bond reduces the

orbital interactions between Pb and I atoms. This increases the bandgap from 1.47 eV (a-

FAPbBL;) to 3.54 eV (2H-FAPbI;).” Additionally, the band structures for the 2H hexagonal
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phase show an indirect bandgap (phonon-assisted) for this structural phase.” Despite the
theoretical differences in bandgap between the hexagonal FAPbI; and the perovskite
structures, no experimental work has studied the optical properties of the hexagonal structure

in depth.

In the case of 8Cs, the edge-shating orthorhombic structure of CsPbl;, the six iodides
connected to the Pb atom do not form equal-length Pb-I bonds, creating irregular
octahedrons.” Therefore, this non-perovskite CsPbl; has a larger bandgap than its perovskite
counterpart and remains a direct bandgap semiconductor. Experimentally, Dastidar et al.
showed that the perovskite phase of CsPbl;, with a bandgap of ~ 1.73 eV, transformed into a
wide bandgap material with a “yellow” phase after being exposed to a relative humidity of 33%
for 75 min.”® In summary, little is known about the electronic and optical properties of the
non-perovskite phases. However, given their large bandgap, it is known they are poor

absorbers for solar cells hence unwanted phases for this application.

2.1.3.3 Low-dimensional Structures Bandgap

Changing the dimensionality of the perovskite also influences the bandgap (Figure 2.7), which
affects the performance of these materials in devices. By engineering the composition and
dimensionality of these materials, it is possible to tune their structure and optoelectronic
properties to the optimal values for the desired application. For example, 2D RP structures
have the advantage of bandgap tunability through the composition and structural
dimensionality.”” Due to quantum confinement effects, 2D RP structures exhibit larger optical

bandgaps compared to the 3D LHPs (Figure 2.7).

24



Further, the bandgap of a single-layered perovskite (n=1) can be tuned by controlling
the interlayer spacing and the structural distortion in the perovskite layer.”””’ The interlayer
spacing can be modified by increasing or decreasing the length of the organic molecular cation
R. The bandgap can be modulated from 1.59 to 2.36 eV in iodide-based RP structures by
controlling the number of inorganic layers between the organic ligands. Despite the increase
in stability of low-dimensional perovskites, their charge carrier transport properties are not

ideal for solar cells as they have large exciton binding energies.”

3D Perovskite
» N
oo 0

Figure 2.7 Bandgap of perovskites depending on dimensionality and number of n layers of the low-
dimensional structures. 10

2.2 Perovskite Solar Cells

LHPs possess exceptional optical and electronic properties, along with their tunability, which
has made them ideal candidates for use as photo absorbers in PSCs, achieving impressive
solar-to-electric power conversion efficiencies of over 26% (Figure 1.3, Chapter 1). As briefly
mentioned in Chapter 1, the SJ solar cell efficiency has been theoretically limited by the SQ
limit. Photons with energy above the bandgap will be lost »ia thermalization, and below the

bandgap will not be absorbed. Therefore, the SQ was calculated for a step function dependent



on the semiconductot’s bandgap, as shown in Figute 2.8." The optimal bandgap between 1.1
and 1.4 eV allows maximum theoretical efficiency of ~ 33%. The plot shows the efficiency of
LHPs (“perovskite”) by 2016, which was from MAPbI; perovskite. However, 26% was

reported for a FAPbIs-based perovskite this year.
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Figure 2.8 Theoretical maximum power conversion efficiency as a function of bandgap and
experimental values achieved. Reproduced and modified with permission from Springer Nature 2016
(License number 554960481789) 11

The solar cell is based on the photovoltaic effect, creating a voltage across a material
when illuminated. The first step of the solar cell is for the LHP to absorb photons, thus
generating electron-hole pairs.”” These electrons and holes are separated by the device,
allowing the electrons to move through an external circuit. For PSCs, the LHP is the absorber
layer in the center of the device, sandwiched between selective transport layers for holes and
electrons. Two electrodes are on each side of the selective contacts to close the electric circuit.
PSCs can adopt several architectures depending on the selected hole and electron transport
layers (HTL and ETL, respectively). Further, numerous studies have focused on optimizing
and selecting these transport layers, as they are equally important to the absorber layer to assure

and optimize the charge catrier transport through the device.”"”” In this dissertation, the solar
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cells fabricated and evaluated have an n-i-p architecture, with the ETL on the bottom, side of

illumination (Figure 2.9).

In Figure 2.9, the bottom electrode is a transparent conductive oxide (TCO), fluorine-
doped tin oxide (FTO). As an ETL, a thin, compact titanium dioxide layer (c-TiO;) is used
with a top mesoporous anatase (mp-TiO2) polymorph. The absorber layer is the LHP. The
HTL is the molecule 2,2°7,7-Tetrakis[N,N-di(4-methoxyphnyl)amin]-9,9’-spirobifluorene
(Spiro-OMeTAD). The counter electrode, the top electrode, in this case, is gold (Au). As
observed, PSCs are a stack of layers, therefore, studying the interfaces and selective contacts
in these devices are necessary to understand and optimize this technology. The study of
interfaces, structure, and properties between surfaces and the bulk of the materials is

paramount.

hv

Figure 2.9 Perovskite solar cell architecture n-i-p

2.3 Polycrystalline Perovskite Films from Solution

One main advantage of LHPs is their solution and low-temperature processability, leading to
low-cost processes to achieve high-efficiency materials.” LHPs are crystallized from solution,

forming a polycrystalline film that is then used as the absorber layer in PSCs. For this reason,
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it is important to understand the processes involved in the crystallization of films from
solution. According to Ke et al., the fabrication of perovskite films experience three stages,
including (1) the precursor solution, (2) wet thin film, and (3) solid-state film, all of which have
unique physical, chemical, and structural conditions.” From the classical nucleation theory,
the crystallization is divided into nucleation and growth.”*"" In LHPs, nucleation and growth
occur in the liquid and solid-liquid phases (i.e., solvated or colloidal nanoparticles). Therefore,
nucleation and growth are sensitive to the fabrication procedures and variables that will

influence the morphology and crystallinity of the obtained films.”
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Figure 2.10 Crystallization from solution, adapted LaMer diagram to perovskites. This dissertation will
focus on the I stage, the precursor solution. This figure is modified and reproduced with permission. ©
IOP Publishing 2019. All rights reserved.”

Basic nucleation theory and the LaMer process’™ have been used to explain the
nucleation and growth process from solution in LHPs (Figure 2.10). This process is divided
into three stages (1) the solution, pre-nucleation, (2) “Burst” nucleation, and (3) growth by
diffusion. Pre-nucleation occurs in the evaporation of the solvent, where the concentration of
the solution increases up to the solubility limit Cs. Further solvent loss makes the solution
supersaturated, without nucleation processes taking place, until it reaches the minimum

supersaturation limit Cwin. The “Burst” nucleation refers to the stage of nucleation and
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growth from solution, where particles start to precipitate and grow from solution. After, the
growth will continue by diffusion, but no further nucleation will occur. This growth can occur,
for example, due to Ostwald ripening or coalescence processes.”””™ The state-of-the-art
methods used to understand, vary, and control the nucleation and growth of LHPs are

reviewed elsewhere.*”

The colloidal nature of the perovskite precursor solution plays a crucial role in the
nucleation and growth of perovskites.” It is important to understand in-depth what happens
at the initial precursor solution stage and the relationship with the crystallographic properties
of the polycrystalline film. In this dissertation, Chapter 4 focuses on the first stage of the
crystallization process to understand how variations in the precursor solution influence the

crystallographic properties of LHP films.

2.3.1  Colloids and Intermediate Phases

The formation of LHPs from solution starts by mixing the precursor chemicals that constitute
APbX;in a non-polar solvent. The precursor chemicals are the lead halide salt PbX, and the
A-site cation salt AX that will later form the APbX; perovskite (Figure 2.11A). This process
is driven by forming ionic bonds and hydrogen bonds between the precursors at low
temperatures.”* It has been suggested that these interactions form colloids, made of a soft
coordination complex as a lead poly-halide framework between the organic and inorganic
components, and can be structurally tuned by the coordination degree.” Figure 2.11B shows
a schematic of possible interactions between ions and solvent in the precursor solution,
forming different nanostructures. For example, iodide plumbate complexes of Pbls and Pbly
*in solution have been seen by the UV-VIS absorption peaks at 370 nm and 425 nm. This

occurs given that the Lewis acid Pb** center can be coordinated by a Lewis base from six
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directions. Therefore, there is competition between the I ions and the organic solvent over
the coordination between Pb** depending on their binding strength. For this reason, solvated
phases between the Pbl, — solvent or AX-Pbl-solvent form create fibrous structures in

solution.™
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Figure 2.11 Schematic of the precursor salts in solution and perovskite colloids formation. (A) Mixture
of AX and PbXj, followed by (B) particle interaction and formation of Pb-X octahedra with differences
in bonds, forming edge-, face- and or corner-sharing octahedra. (C) Overall schematic of colloids
formation in solution.

Petrov et al. showed that the solvated phases are dependent on the LHP composition.
In particular, the A-site cation and the X-site halide. They showed how different crystal phases
formed depending on the composition and solvent, explained by forming different
intermediate adducts and solvate phases. Figure 2.12 shows the crystallization products from
FA, MA, I, and Br LHPs in two of the two most widely used solvents, DMF and DMSO.
Therefore, even if there is knowledge of the formation of colloids in solution, there is no
clarity on the nature, structure, and composition. Due to the diversity in solvate phases, the
schematic in Figure 2.11B shows the possibility of different colloids in the solution. In Figure
2.11C, the schematic is generalized to show that overall, there are particles in the solution that

will then influence the nucleation and growth of the LHPs. There is little information about
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the nature of these colloids.*™* However, it has been suggested that the DMSO-solvated
phases slow the crystallization, allowing the formation of larger grains.* Understanding the
colloidal nature and the presence of a solvated phase is important to further understand how

it impacts the formation and crystallization of the perovskite.
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Figure 2.12 Generalized schematic of the crystallization products of LHP in different solvents (A) DMF,
and (B) DMSO. Reproduced with permission from Chem. Mater. 2020, 32, 7739-7745. Copyright 2020
American Chemical Society.
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CHAPTER 3. EXPERIMENTAL METHODS

This chapter has parts from the following published review article:

“Imaging and Mapping Characterization Tools for Perovskite Solar Cells”, Advanced
Energy Materials, 2019, 9, 1900444, by Juanita Hidalgo, Andrés-Felipe Castro-Méndez, and
Juan-Pablo Correa-Baena. (License Number 5554970960690)

My contribution: 1 wrote sections 4 and 5 completely on “Synchrotron-based Mapping Techniques” and
“Spectroscopy and Mapping Techniques”. In addition, I discussed and wrote a large part of the introduction
and conclusions.
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This chapter describes the general experimental procedures, main characterization techniques,

and other secondary characterization tools used in this dissertation.

3.1 Lead Halide Perovskite Fabrication

Lead halide perovskite thin films were fabricated from solution-based methods by (1)
preparing a precursor solution and (2) depositing the solution by spin coating into a glass,
glass/indium tin oxide (ITO), or glass/fluorine-doped tin oxide (FTO) substrate. After
deposition, (3) the samples were annealed at high temperatures for 20 to 30 min (Figure 3.1).
Other additional post-deposition treatments were done and described in this section. All the

fabrication process took place in a nitrogen glove box with controlled oxygen and relative

humidity close to 0 ppm.
Precursor solution Thin film deposition Post-deposition
Antisolvent
O LHP thin film
AX + PbX2 High temperature
DMF / DMSO L ]

time antisolvent

Figure 3.1 Schematic of the fabrication steps of lead halide perovskites. (left) Preparation of the
precursor solution by mixing the halide salts in a polar solvent DMF, DMF:DMSO or DMSO, (center)
Thin film deposition by spin coating using the antisolvent method, (right) post-deposition annealing at
high temperature.

3.1.1  Precursor Solution

The LHP precursor solutions were prepared by mixing the precursor salts, AX with PbX, in

a solvent. A refers to the different A-site cations (i.e., MA, FA, Cs), and X to the different
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halides (i.e., Br, I). The solvents used were pure dimethylformamide (DMF, Sigma Aldrich 99
%), pure dimethylsulfoxide (DMSO, Sigma Aldrich 99 %), or a volume mix of DMF : DMSO
in a ratio of 2:1 or 4:1. The powders were weighted in a vial, and then, the solvent was added.
The solution was mixed for one hour at 600 revolutions per minute (rpm) in a vortex inside
the sealed vial. The solutions were kept in nitrogen before any characterization measurement
at room temperature. The following paragraphs specify the concentration and amounts for

the different LHP compositions (A-site, X-site).

Lead Bromide APbBr;: APbBr; perovskite precursor solution was prepared for A: MA or
FA by mixing MABr (Dyenamo, 99.99%) or FABr (Dyenamo, 99.99%) with PbBr, (Tokyo
Chemical Industry TCI, 99.99% purity) to form a 1.24 M solution. The solvents used were

pure DMF, pure DMSO, or a volume ratio of 4:1 DMF : DMSO. The solution stoichiometry

had a 5% molar excess of the organic cation.

Formamidinium Lead Iodide FAPBI;: FAPbI; was synthesized using Pbl, (TCI, 99%
purity) dissolved in a mixture of DMF: DMSO in a 4:1 volume ratio. First, we weighted the
Pbl, and added the solvents to form a 1.50 M solution of Pbl,. The Pbl,solution was heated
for 20 min at 80° C. Second, we weighted FAI powder (Sigma Aldrich, 99% purity) in another
vial. After, the Pbl; solution was added to the FAI vial and mixed for 20 min to obtain FAPbI;

with a final concentration of 1.24 M. The solution stoichiometry had a 5% molar excess of

Pb.

Mixed Cation Lead Iodide (Cs,FFA)PbI; : Cs17FAogsPbls (CsFA) was prepared from the
following precursor powders: Pbl, (TCI, 99.99 % purity), FAI (Great Solar), and CsI (Sigma-
Aldrich) in a mixture of DMF : DMSO with a volume ratio of 2:1 to form a 1.2 M solution.

The molar ratio between Cs and FA was 0.17 to 0.83. The solution stoichiometry had a 5%
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molar excess of Pbl,.

Mixed Cation Mixed Halide (Cs,FA)Pb(I,Bzt)s Mixed cation and mixed halide Cs,FA;.
Pb(LBriy); perovskites were prepared with different molar ratios of Cs:FA (y) and Br:I (x).
The precursor powders used were Csl (Sigma), FAI (TCI), Pbl, (TCI), and PbBr, (TCI). The
precursor powders were weighted on the same vial to form a 0.5 M solution in a mixed solvent

of gamma-Butyrolactone (GBL) and DMF with a volume ratio 2:1. The precursor solution

was mixed at 600 rpm and 60° C for one hour. The solutions were stoichiomettic.

Ttriple Cation Mixed Halide (Cs,MA,FA)Pb(I,Bt)3 LHP
Cs0.0s(MA0.17FAo.s3)0.05Pb(lo.ssBroa7)s (CsMAFA) was synthesized using PbBr, (TCI), PbL, (TCI),
MABr (Dynamo), FAI (Dynamo), and CsI (Sigma). First, we weighted the Pbl, and PbBr2
separately and added the solvent (DMF : DMSO, 4:1 volume) to form a 1.50 M solution of
Pbl; and PbBr,, respectively. This stock solution was mixed overnight at 60° C. Second, we
weighted FAI and MABr powders separately in two vials. The Pbl, stock solution was added
to the FAI vial to form a FAPbI; solution with a final concentration of 1.24 M. The PbBr,
stock solution was added to the MABr vial to form a MAPbBr3 solution with a final
concentration of 1.24 M. Then, MAPbBr; and FAPbI; were mixed in a 17:83 volume ratio
(MAFA solution). Finally, a solution of 1.5 M of CsI in DMSO was added to the MAFA
solution in a volume ratio of 5:95 Cs : MAFA, to form the triple cation CsSMAFA perovskite.
Additionally, the changes in stoichiometry of these precursor solutions were evaluated. The A
: Pb ratios are 9% excess Pb (EL) and 5% excess organics (EO), with no changes in the Csl

addition for all stoichiometties.
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Bulky Cation PEAI: A solution of PEAI powder (Sigma Aldrich) with a concentration 1
mg/mL or 5 mg/ml was prepared in 2-propanol (Anhydrous, Sigma Aldrich). The solution

was mixed for one hour before deposition.

3.1.2  Thin Film Deposition

The LHP precursor solution was spin-coated on a glass substrate covered with a TCO (ITO
or FTO). The substrates were cleaned by sonication for 15 min in (1) a 2% solution of a neutral
soap, (2) acetone, and (3) isopropanol and then dried with a nitrogen gun. After, the substrates
went under a UV-Ozone light for 15 min and were taken inside the glovebox. In the glove
box, the precursor solution was deposited on top of the substrates to form the LHP thin films
via spin coating. Specifically, 80 uL. of precursor solution was added to the substrate in a spin
coater. Subsequently, the spin coating process consisted of a two-step program: first at 1000
tpm for 10 s (acceleration of 1000 rpm/s) and then at 6000 rpm for 20 s (acceleration of 2000
tpm/s). During the spin coating process, 250 pL of chlorobenzene (CB, Sigma 99.50%) was
added dynamically. For the perovskites in pure DMF, the CB was added 15 s after the start of
the spinning process, whereas for perovskites in DMSO or DMF : DMSO, the CB was added

at 25 s.

PEAI Deposition

The solution of PEAI was deposited by spin coating dynamically, on top of the LHP film, at

5000 rpm with an acceleration of 5000 rpm/s for 20 s.

3.1.3  Post-deposition Treatments
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After the perovskite deposition by spin coating, immediately after, the substrates were
annealed inside the nitrogen glovebox. The annealing conditions were as follows, depending
on the composition. These conditions were previously optimized in our laboratory to obtain

a pure and high symmetry perovskite phase.

Lead Bromide APbBr;: 100 °C for 30 min.

Formamidinium Lead Iodide FAPbI;: 150 °C for 15 min.

Mixed Cation Lead Iodide (Cs,FA)PbI; 150 °C for 15 min.

Mixed Cation Mixed Halide (Cs,FA)Pb(1,Bz)s 100 °C for 15 min.

Ttiple Cation Mixed Halide (Cs,MA,FA)Pb(,Bz)s 100 °C for 1 hour.

Bulky Cation Phenethyl Ammonium Iodide (PEAI): No annealing.

3.1.3.1 Exposure to Humidity

After LHP thin film deposition and annealing, some of the studies in this dissertation involved
studying the effect of humidity on LHPs. To evaluate the changes in LHPs due to humidity
exposure, two types of treatments were done depending on whether the characterization

measurement was ex-situ ot in-situ.

Ex-situ Charactetization

After LHP deposition and annealing, the LHP films are exposed to humidity. As illustrated in
Figure 3.2, LHP films were exposed to humid air with high relative humidity (RH) of 80% in
ambient air and dark for 24 hours. The samples were returned to the nitrogen glove box before

the subsequent ex-siz# characterization measurements or before other layer’s deposition. Films
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exposed to humid air are labeled “H,O/Air”, and those not exposed ate labeled without
humidity “w/o H,O”, with the latter being the control samples. This humidity treatment was

done in the Energy Materials Iab at Georgia Tech.

LHP deposition Ex-situ humidity: H,O/Air Back to nitrogen
éb HO ele
2 ° * [ Y
oo ©

D D

~ 75% relative humidity in air

24 hours

Figure 3.2 Humidity exposure of LHP films for ex-situ measurements. (left) First, the LHP is deposited,
as described in Figure 3.1, inside a nitrogen glovebox. Subsequently, (center) the film is exposed to air
and humidity, outside the glovebox, with a controlled humidity of around 75%. Humidity exposure is
for 24 hours, and after (right), the LHP is characterized or returned to the nitrogen glovebox for storage.

In-situ Characterization

The LHP films for zn-situ characterization techniques were deposited on glass/ITO or
glass/FTO/TiO.. For the in-sitn measurements, a controlled relative humidity chamber with
an experimental setup was used, as shown in the schematic in Figure 3.3. This setup was used
to measure zn-situ X-ray scattering (explanation of the GIWAXS in the following section). For
an RH of 100 %, all the gas in the chamber came from a water bubbler. The humidity carrier
gas into the water bubbler was either dry air or nitrogen (N2). A controller was used to monitor

the RH inside the chamber as the experiments took place. For the “Dry Air” experiments,
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the same line of dry air was sent directly to the measurement chamber. This humidity treatment

was done at the National Synchrotron Light Source II at Brookhaven National Lab.

Measurement Chamber
0,
. RH% @ o o
Carrier gas in out %
Dry Air / Nitrogen Q o9
H,0 LHP thin films
Bubbler
In-situ H,O/Air or H,OIN,

Figure 3.3 Schematic of the setup for humidity exposure for in-situ GIWAXS measurements. The
relative humidity is controlled by the flow of a dry gas, either air or nitrogen, passing through a water
bubbler and then into the measurement chamber. The setup is shown in Appendix B, Figure BS1.

Solar Cell Fabrication

The LHP solar cells fabricated had an n-i-p architecture as described and shown in Chapter
2, Figure 2.9. As an electron transport layer, a compact layer of TiO; (c-TiO,) was deposited
by spray pyrolysis at 450 °C from a solution containing 480 pL acetylacetone (Sigma-Aldrich,
= 99%), 720 pL titanium diisopropoxide bis(acetylacetonate) 75 wt. % in isopropanol (Sigma-
Aldrich) and 10.8 mL of ethanol (Sigma-Aldrich, = 99.5%). The solution was sprayed using
O as carrier gas in cycles with 30 s intervals until finishing the solution. The c-TiO, was
annealed at 450 °C for 30 min. Subsequently, a mesoporous TiO, layer (mp-TiO,) was
deposited by spin coating a TiO; paste (Sigma Aldrich) in ethanol (150 mg/mL) for 10 s at
4000 rpm and annealed for 10 min at 100 °C. The mp-TiO; layer follows a sintering process
found in other atticles * reaching 450 °C for 30 min. After, the LHP solution was deposited

by spin coating, as explained previously. Later, as the hole transport layer, Spiro-OMeTAD
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28.4 mM solution was prepared (36.15 mg prepared in 1 mL chlorobenzene), adding 14.5 uL.
of Co (II) salt (FK209 Sigma-Aldrich, 300 mg per 1mL of acetonitrile), 8.8 ulL of LiTFSI
(Sigma-Aldrich, 520 mg per 1 mL of acetonitrile) and 14.4 ulL of tert-butilpiridine (Sigma-
Aldrich). The hole transport layer solution was spin coated dynamically at 3000 rpm for 30 s.
Finally, a layer of 50 nm of Au (Alfa Aesar or Kurt Lesker) was thermally evaporated on top

to finish the device.

3.2 Characterization of the Structure by X-ray Scattering

To unravel the structure of LHP polycrystalline thin films, synchrotron-based X-ray scattering
techniques were used. Synchrotron-based X-ray techniques allow to probe the structure from
a micro to a molecular level with improved energy and spatial resolution, higher throughput,
reduced sample damage and varied zz-situ and operando setups. Synchrotron X-rays have a high
flux, brilliance, and collimation, which are important for weakly scattering samples, such as
the LHP, that have organic components.*® X-ray scattering is widely used to study the structure
of a solid on an atomic and molecular level.**® The X-rays are irradiated on the LHP, the
scattering object, and then scattered.”® These scattered patterns reveal information about the
arrangement of atoms in the sample and are used to determine the crystal structure and
otientation of these structures.”” The positions and intensities of the scattering profiles are a

Fourier transform of the electron density in the sample.*

3.2.1  Grazing Incidence Wide-Angle X-ray Scattering

To study the structure of polycrystalline LHP thin films, grazing incidence wide-angle X-ray
scattering (GIWAXS) was used. Wide angle X-ray scattering allows probing the small order of

magnitude at the atomic scale to acquire of information about the crystallographic structure
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and nanostructure.*® Synchrotron X-ray radiation is useful for investigating the small volume
of the studied sample.*® In addition, the incident X-ray is fixed at a grazing incident angle o,
allowing to minimize the unwanted background scattering from the bulk and obtaining
scattering from the surface of the film.”” The general sample setup for GIWAXS is shown in

the schematic of Figure 3.4.

Penetration depth control is one of the main advantages of GIWAXS. By varying o,
the X-ray will penetrate and scatter from different depths in the sample.** The incident angle
o i1s compared to a critical angle o, dependent on the sample and refractive index, to
determine the penetration depth. The critical angle considers the refraction phenomena of X-
rays at the interfaces between different media.”” Below oL, the X-rays undergo total external
reflection; there is only an evanescent wave within the refracting medium, penetrating typically
only a few nanometers.” In contrast, above 0., the reflected wave propagates into the bulk.®
It is important to consider that the penetration depth will also depend on o the exit angle of
the scattered vector.”” Overall, the scattering depth is strongly dominated by the selection of

o; below or above OL..
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Synchrotron X-ray

0 61

Figure 3.4 Schematic of the grazing incidence wide angle X-ray scattering (GIWAXS) setup by

irradiating a synchrotron X-ray with an incident angle (0.;) relative to the thin film sample, scattering in
the xy and z directions resulting in a 2D GIWAXS scattering pattern g, versus gn

The critical angle and penetration depth are dependent on the material. Therefore, for
the purpose of this dissertation, I calculated the penetration depth by GIWAXS on FAPbI;
films as a function of the incident angle a; ** First, o is dependent on & and f, refractive
constants that can be derived from the scattering and absorption properties of the medium,

respectively. Equations 2-4 define o.., dand S

«, =75 ®

g A? 3)
21

NGty A2 )

Where ng is the number density, 7, is the electron radius, A is the wavelength of the incident

X-ray (13.5 keV equivalent to A = 0.98 A), and and £; and f; are the atomic scattering factors.
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The number density defined in Equation 5 depends on the density p, in this case 4.1 g/mL
for FAPbI;,”” Avogadro’s number N, and molar mass M..

_ PN, ©)
M,

Ng

The atomic scattering factors f; and f> are calculated following Equation 6, with the values in

Table 3.1. "

fi= Z(Zi + Af1)N; ©

Whete Z is the atomic number, N; the number of atoms per volume unit, Af;; a correction.

Table 3.1. Atomic scattering factors (%3)

Pb I C N H
fi 73.5107 52.9602 6.0067 7.0120 1.00E+00
¥z 9.6752 2.8864 2.97E-03 5.86E-03 3.20E-07

Finally, the penetration depth is calculated from Equation 7 as a function of ai. For FAPbI;

thin films, o.is calculated to be approximately 0.16°.

()

-1/2
T (@)= Q(J (a? = a2)? + 467 — (af - a§>>

Figure 3.5 shows the penetration depth as a function of incident angle for FAPbI; thin films

for GIWAXS measurements with an energy of 13.5 keV.
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Figure 3.5 Calculated X-ray (13.5 keV) penetration depth as a function of the incident angle (a) in
FAPDI; thin films.

In addition to probing the structure at the surface and bulk with GIWAXS on thin
films, GIWAXS has been used to qualitatively describe the orientation of the crystallographic
domains in polycrystalline thin films.* The shape and intensity distribution of scattering peaks
in the reciprocal scattering patterns (q, vs qxy/q:) can be used to describe the orientation of the
scattering crystallographic domains.*® A film with no preferred orientation or random
orientation, such as a powder in diffraction, will result in a ring of uniform intensity, as shown
in Figure 3.6. In a film with preferred out-of-plane orientation, but isotropic in-plane, the
scattering pattern will have spots or arcs of high intensity. The shape of these high-intensity
regions will also allow quantitatively comparing the degree of orientation. For example, the
defined spot in Figure 3.6 describes a high degree of crystallographic orientation. Therefore,
GIWAXS allows us to compare and learn about thin film orientation. Crystallographic

orientation in LHP is investigated in-depth in Chapter 4 of this dissertation.
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Figure 3.6 Qualitative information on crystallographic orientation from GIWAXS patterns. (left) A
complete scattering ring indicative of random orientation. (center) Arc indicative of preferred
orientation, and (right) sharp Bragg spot indicative of a high degree of preferred orientation. Figure
modified and reproduced with permission from Chem. Rev. 2012, 112, 5485-5519. Copyright 2012
American Chemical Society.

The GIWAXS measurements for this dissertation were done at the beamline for
Complex Materials Scattering (11-BM), at the National Synchrotron Light Synchrotron II at
Brookhaven National Laboratory. An X-ray beam (13.5 keV, A = 0.918 A) with a footprint of
0.2 mm (height) X 0.05 mm (width) was irradiated on samples in vacuum (~107 torr) for 10
s with incidence angles of 0.05°, 0.1°, and 0.5°. The samples exposure time was of 20 s, beam
divergence was 1 mrad and energy resolution 0.7%. The data were analyzed using the

SciAnalysis package provided by the beamline.

3.21.1  In-situ Humidity Measurements

For in-situ GIWAXS with humidity exposure, the LHPs were deposited on glass/ITO or
glass/FTO/TiO,. The incident angles used were 0.1° and 0.5°. Data was taken subsequently
for 16 exposed samples. Therefore, the time between measurements of a single sample was
around 12 min. In addition, another measurement was done every five points in another spot
of the sample to compare and account for sample heterogeneity and discard changes due to

sample degradation. The 7x-sit# humidity setup is shown in Figure 3.3.
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3.2.2  X-ray Diffraction

Before the development of synchrotron X-rays, X-rays were discovered in 1895. Later, in
1912, used X-rays to analyze the diffraction of crystals, given their petiodicity. ** Since then,
X-ray diffraction (XRD) is a technique that has been used to determine the structure of
crystalline materials that have a periodicity in space.””* A diffracted beam is composed of a
large number of scattered rays; therefore, diffraction is also a scattering phenomenon.” In the
same way as for GIWAXS, the scattered X-rays will produce a constructive interference of
waves that have an angle of incidence 0 to a set of lattice planes that are at a distance i,
known as the d-spacing within the lattice planes. The angle at which diffraction occurs is
related to the d-spacing of the planes, where /4,4,/are Miller indices used to designate the planes

1 86,

within a crystal.**” The condition of constructive interference is defined by Bragg’s law in

Equation 8 for an incident X-ray with a certain wavelength A.”*
nA = 2-dp - Sinf )
Generally, XRD has been used to finely characterize the structure of single-crystals or
polycrystalline, such as powders or thin films. Different to the grazing-incidence geometry
previously described, powder XRD is generally measured in the Bragg-Brentano geometry. In
this geometry, the diffractometer has a constant distance between the sample and detector to
measure the same incident and scattered angle 0. From Bragg-Brentano XRD it is not possible
to account for and describe orientation. Regarding orientation, a powder has a random
orientation of all its crystallites. When measuring thin films, it is not possible to conclude about
crystallographic orientation. Though, it is known that orientation affects the diffraction peak
intensities and ratios between the different diffraction peaks. From Bragg-Brentano XRD it is

not possible to obtain complete information about the structure of polycrystalline thin films.
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For this reason, GIWAXS and XRD are complementary to describe the microstructure of

LHP thin films.

In this dissertation, Bragg-Brentano XRD was used to study the structural properties
of both LHP thin films and powders. For ex-sitzz XRD measurements, a Bruker D8 instrument
with a Bragg-Brentano geometry (HZB, Berlin), or a PANalytical Empyrean and PANalytical
X’Pert Pro MPD (Georgia Tech, Atlanta) were used. For the results in Chapter 4, XRD
analysis was done by fitting with the Gaussian distribution and calculating FWHM in
OrginPlus software. For the results in Chapter 5 and Chapter 6, a Le Bail analysis was done
using the FullProf software, and the structure identification was made using CrystalMaker

software.

3.2.2.1  In-situ Powder XRD Measurements

In Chapter 6.2, for the set of powder LHPs Mixed Cation and Mixed halide, the temperature-
dependent phase transitions were measured by zz-sitn XRD. Synchrotron-based 7n-sztu XRD
was measured at beamline KMC-2 in BESSY 1II at the Helmholtz Zentrum Berlin (HZB),
Germany. The instrument used a Bruker Vantec 2000 area detector. The X-rays had an energy
of 8 keV, optimized for the beamline. For the temperature controller, a closed cycle
refrigerator of reference TMP-CCR-HXR was used. XRD patterns were taken from 300 K to
20 K in steps of 20 K. This beamline offered both the experimental precision as well as the
sample environment to perform such investigations. Powder studies are also important for a

better indication of the thermodynamic processes due to a more pronounced crystallization
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process, less exposed surfaces, larger probed volume compared to thin film samples, and a
better instrumental resolution. Le Bail fittings using the FullProf software were done to

calculate the lattice parameters and phase refinement for the samples at 300 K.

3.2.3  Small Angle X-ray Scattering

Small angle X-ray Scattering (SAXS), different from WAXS, provides important and unique
information on the size and morphology of larger-scale structures. From SAXS measurements,
it is possible to learn about inter-particle correlations in non-crystalline systems.”” In this
dissertation, in Chapter 4, SAXS was measured to the LHP precursor solutions to learn about

inter-particle correlations in solution previous to LHP thin film formation.

The SAXS measurements were performed on lead bromide solutions using the HZB
ASAXS instrument * installed at the four-crystal monochromator beamline (FCM) of the
Physikalisch-Technische Bundesanstalt (PTB),” and operated at the BESSY 1I synchrotron
of HZB. The solutions were measured in transmission in flat rectangle-shaped capillaries of
0.1 mm thickness under vacuum conditions using monochromatic X-rays of 10 keV. We used
a four-crystal monochromator with Si 111 crystals for monochromatizating. This energy was
optimized for the sample’s transmission and scattering vector range. Data were collected three
times for each sample with 600 s illumination per image. The images did not show any notable
differences, implying that the solutions were stable under the chosen conditions. The 2D
scattering patterns were azimuthally integrated and corrected for instrumental background and
contributions of the sample holder through the BerSAS software.” The SAXS measurements
in this dissertation were performed by Dr. Joachim Breternitz, Dr. Armin Hoell, and Professor

Susan Schorr from the Helmholtz Zentrum Berlin.
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3.3 Elemental Chemistry Characterization

Different from X-ray scattering, elemental chemistry is learned through X-ray absorption
techniques. In this case, an X-ray photon is absorbed by an atom, and the excess energy is
transferred to an electron which is expelled from the atom, leaving it ionized.” The fluorescent
X-ray emission occurs when one of the electrons in an outer shell fills the hole, creating a
photon. The Auger electron emission happens when the atom may also relax to its ground

state energy by liberating one electron.”

3.3.1  Surface Chemistry by X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique used to learn about
material’s elemental composition, chemical state, and electronic structure. In general, XPS
needs an ultra-high vacuum. Soft X-rays are irradiated on a sample, and the photoelectron
effect leads to the emission of an electron which is then analyzed by its kinetic energy. A
spectrum is obtained as a plot of the number of detected electrons per energy interval versus
their kinetic energy.” In particular, each element has a unique spectrum, allowing us to quantify
the elemental chemistry of a material. In addition, from peak heights or areas it is possible to
identify the chemical states. In addition to the photoelectrons emitted, Auger electrons may

also be emitted because of the relaxation of the excited ions remaining after photoemission.”’

In this dissertation, XPS was used to quantify the elemental chemistry at the surface
of LHPs. XPS was measured with a Thermo Scientific K-Alpha system using a
monochromatic Al K-alpha X-ray source (1486.6 e¢V) with a 60° incident angle and a 0°
photoemission angle, both measured from the samples’ normal vector. The pressure of the

chamber was less than le” Torr. Survey and high-resolution scans were collected. High-

49



resolution scans were taken with a step size of 0.100 eV and a dwell time of 50 ms for Cls (20
scans), N1s (16 scans), 13d (3 scans), O1s (20 scans), Pb4f (3 scans), and Cs3d (3 scans). Peak
fitting and elemental composition were calculated with the Thermo Scientific Avantage Data

System.

3.3.2  Bulk Chemistry by X-ray Fluorescence and Operando X-ray Beam Induced Current

X-ray fluorescence (XRF) is another technique used to learn about the elemental chemistry of
a sample. A synchrotron-based high-energy X-ray source is irradiated on the sample, and core
electrons are excited, displacing them from their atomic orbital positions. Electrons from
higher shells then occupy the vacant positions, and in this process a fluorescent photon is
released. These photons have a characteristic energy based on the excited element, therefore,
and this signal is measured by the detector in an XRF instrument.” Moreover, XRF has been
used as a mapping technique. XRF mapping allows plotting the elemental chemistry and area
distribution of a sample. Synchrotron-based XRF uses X-rays with 10 ppm sensitivity at a
spatial resolution of 1 um. XRIF mapping is a useful technique for the elemental plotting of

thin films such as LHPs.

XRF can be correlated to other methods, such as X-ray beam induced-current
(XBIC). Synchrotron-based XRF has been used in parallel to gperando XBIC in PSCs.” The
XRF-XIBC measurements allow to correlate the chemical composition with electrical
performance, thereby probing recombination dynamics or changes in photocurrent due to the
presence or distribution of certain elements.” In this dissertation, I characterized LHP films
by XRF and PSCs by XRF-XBIC. From XRF maps, I quantified the elemental compositions,
obtaining values of grams per area, and then compared the molar ratios between the LHP

main elements such as Pb, I, and Br. For XRF-XBIC maps, complete PSCs were measured.

50



These measurements were done at beamline 2-ID-D at the Advanced Photon Source
(Argonne National Laboratory). The X-ray energy used was 16.5 keV with a step size of 0.15
um and 50 ms dwell time. The XRF data was acquired with the backside of the solar cell, the
Au facing the incident X-ray beam, and the fluorescence spectrum was collected point-by-
point during mapping. XRF data was obtained in the same area of the induced current, giving
a direct correlation between both. For data analysis, the MAPS software was used, and the
spectrum fitting was used to deconvolute overlapping peaks and backgrounds from
fluorescence data. In addition, after a standard calibration, it was possible to quantify in the
software the mass concentration in the sample to calculate the ratio between Br:Pb and Cs:Pb
accurately. The NIST thin-film standards SRM 1832 and 1833 were used for the calibration

of the elemental concentrations.

3.4 Morphology and Optical Properties Characterization

In addition to the X-ray techniques used to characterize the structure and chemistry in LHPs
in this dissertation, other secondary techniques were used to characterize the film morphology

and to calculate the optical bandgap of these materials.

3.4.1  Scanning Electron Microscopy

Scanning electron microscopy (SEM) is one of the most widely used characterization
techniques in PSCs. This tool has been mostly used for the morphological characterization of

materials. The most common use is to analyze and control the thickness of the layers and
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surface coverage. In LHPs, it has been used to identify the uniformity and homogeneity in the
grain sizes.” In SEM, an image is formed by the interaction of the sample and a focused beam
of electrons with a voltage between 0.1 and 50 kV. The sample measurement parameters and
preparation are important to prevent sample charging. LLow voltages are needed, and in some
cases, it is needed to metallize the sample with gold or platinum.” In this dissertation, I
measured SEM to control the morphology, uniformity, and domain sizes on the LHP thin
films. The SEM measurements were done using an SEM Hitachi SU8010 1nm resolution and

secondary electron detector at 5keV and 10uA (Georgia Tech, Atlanta).

34.2  UV-VIS Spectroscopy

UV-VIS spectroscopy is a simple and widely used type of absorption spectroscopy that uses
light in the ultraviolet (UV) and visible (VIS) regions of the electromagnetic spectrum. UV-
VIS light is used to study the electronic structure of different samples in liquid or solid states
(i.e., thin films, powders). The light is irradiated to a sample and collected by transmission or
reflection, and the amount of light absorbed is measured. From the absorption spectrum, it is
possible to learn about the electronic transitions that occur in the sample, from which it is

possible to know the optical bandgap, for example.

The bandgap energy of a semiconductor describes the energy needed to excite an
electron from the valence band to the conduction band.'” From UV-VIS spectra, the optical
bandgap of different LHP was calculated. To calculate the bandgap, the tauc-plot method was
used by plotting the absorption component versus its energy following the methods described
by others.'” In this dissertation, UV-VIS was measured using a PerkinElmer Lambda 1050
spectrophotometer. The measurements were done on LHP on glass substrates, at room

temperature, and air atmosphere.
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3.5 Solar Cell Characterization

To evaluate the performance of the fabricated PSCs, their photovoltaic performance and long-
term efficiency stability was measured. In addition, impedance spectroscopy measurements

were done on solar cells to learn about other electrical properties, such as ionic effects.

3.5.1  Photovoltaic Performance

The performance characteristics of a solar cell device are extracted from a current density-voltage (J-
/) curve.! The J-17 curves are obtained by applying a voltage sweep in reverse and forward
scan to obtain a current density for each voltage point. The J-I” measurement is done under
light or dark. Generally, one sun is irradiated (100 mV/cm?, AM 1.5G by a solar simulator) to
the device to evaluate its solar cell performance. Moreover, sun simulators allow for modifying
the light intensity and tuning the light spectrum. The obtained J-1” curve allows us to calculate
the main solar cell parameters, namely short circuit current (Jsc), open circuit voltage (Voc), fill
factor (FF), maximum power point (MPP), and power conversion efficiency (PCE). In
particular, the FF is calculated as the ratio between the MPP and the power from Jsc*Voc. The
PCE is calculated from the ratio between the MPP and the incoming solar power (100

mW /cm?), providing a percentage of efficiency.

In this dissertation, the J-1” curves of the solar cells in Chapter 4.1 and Chapter 6
were measured using a LITOS LITE setup (Fluxim, Switzerland) equipped with a Wavelabs
Sinus-70 AAA solar simulator with standard AM1.5 G illumination at room temperature and
ambient air. The J-1” curves were obtained in the range from 1.4 to —0.5 V with a scan speed
of 50 mV*s™' from both reverse and forward scan directions. The active area of the device was

0.128 cm®, and a black metal mask with an aperture area of 0.0625 cm” was used to define the
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illuminated area. The stabilized PCE was acquired by measuring the MPP for 180 s. The solar
cells in Chapter 4.2 were measured using a Keithley and Wavelabs solar simulator for devices

with an area of 0.1 cm? without a mask.

To track long-term device stability, a stabilized MPP was measured under one sun
illumination. For the solar cells in Chapter 4, the solar cells were aged in a custom-built high-
throughput Ageing Setup."”" To track the MPP, a perturb and observe algorithm'” with a delay
time of 1 s and a voltage step-width of 0.01 V was applied. MPP values were recorded every
2 min for all cells automatically. Devices were actively cooled with Peltier elements and always
kept at 25 °C with active areas touching a heating pad for direct thermal coupling. Aging was
performed under a continuous flow of nitrogen in a closed box. No additional encapsulation
was utilized. Sunlight with 1000 W/m? intensity was provided by a metal-halide lamp using an
Ho filter. The light intensity was actively controlled with the help of a silicon irradiation sensor
which itself was calibrated using a Silicon reference cell from Fraunhofer ISE. The test is in
accordance with the protocol ISOS-L-11."” For the solar cells in Chapter 6.1, for the long-
term stability measurement, LITOS was used, a stress-test platform for degradation analysis
(Fluxim, Switzerland). The solar cells were stressed by one sun illumination and introduced a
constant flow of air. The power density was measured every 100 s, for 24 hours, without a

mask.

Additionally, from the J-1”7 curve, an additional feature that has been widely
investigated in PSC was observed, the hysteresis of the J-1” curve. The hysteresis is the
mismatch between the forward voltage scan (IS, from short circuit to open circuit) with the
reverse scan (RS, from open circuit to short circuit) from the J-17 curve.'” Previous LHP

studies have shown a unique dependence on the voltage scan direction revealing significantly

54



different power conversion efficiencies depending on the scanning direction. The origin of
this phenomenon is still unclear but generally attributed to slow capacitive current, trapping
and de-trapping processes, defects, ion migration, and ferroelectric polarization."™ In this
dissertation, in Chapter 4, hysteresis is attributed to ionic effects. Hysteresis was used to
quantitatively compare the mismatch between FS and RS, therefore, a hysteresis index was

calculated.

3.5.2 Impedance Spectroscopy

Impedance spectroscopy is used to analyze the electrical properties of a material as a function
of frequency. A small electrical signal is applied to a sample or device, and the resulting current-
voltage responses are measured. From the impedance spectra, it is possible to analyze the
resistive and capacitive properties of a device. Impedance spectroscopy has been used to
analyze the electrical properties in PSCs. However, it has shown to be a challenging
characterization given the variety of data interpretations depending on the chosen solar cell
equivalent circuit."” In Chapter 4 of this dissertation, the solar cells were analyzed by
impedance spectroscopy. The objective was to correlate capacitive properties with ionic effects
in PSCs. Impedance measurements were carried out in a PAIOS instrument (Fluxim,
Switzerland) on complete solar cells at room temperature under one sun illumination and
ambient air. The measurements were performed at different offset voltages from 0 V to the
open circuit in 5 steps. The sweep frequency was from 10 MHz to 0.1 Hz, with an amplitude
of 10.0 mV. Z-view software was employed to analyze the results and fit the data to the

equivalent circuit.
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CHAPTER 4. CRYSTALLOGRAPHIC ORIENTATION IN

HALIDE PEROVSKITES

This chapter is based on the published articles:

“Solvent and A-site Cation Control Preferred Crystallographic Orientation in Bromine-
Based Perovskite Thin Films”, Chemistry of Materials, 2023, 35, 11, 4181-4191, by Juanita
Hidalgo, Yu An, Dariia Yehorova, Ruipeng Li, Joachim Breternitz, Carlo A.R. Perini, Armin
Hoell, Pablo P. Boix, Susan Schorr, Joshua S. Kretchmer, and Juan-Pablo Correa-Baena.
Reprinted with permission. Copyright 2023 American Chemical Society.

External contribution: The theoretical DFT calculations were developed by the group of Professor Joshua S.
Kretchmer from the School of Chemistry and Biochemistry at the Georgia Institute of Technology. The
ideas regarding the mechanisms resulted from discussions between me, Prof. Kretchmer, Dariia Yehorova,
and Prof. Correa-Baena.

“Moisture-Induced Crystallographic Reorientations and Effects on Charge Carrier
Extraction in Metal Halide Perovskite Solar Cells”, ACS Energy Letters, 2020, 5, 3526-
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Preferred crystallographic orientation in polycrystalline films is desirable for efficient charge
carrier transport LHP and semiconductors, more generally. However, the mechanisms that
determine the preferred orientation of LHPs are still not well understood. This dissertation
investigates the factors that affect crystallographic orientation in LHPs. The first part of this
chapter shows that the solvent of the precursor solution and organic A-site cation strongly
affect the preferred orientation of the deposited Br-based perovskite films. Specifically, the
solvent DMSO influences the early stages of crystallization and induces preferred orientation
in the deposited films by preventing colloidal particle interactions. Additionally, the MA cation
induces a higher degree of preferred orientation than the FA counterpart. This work highlights
the important interplay between the solvent and organic A-site cation in determining

crystallographic orientation.

To study the structure-property-performance relationship between crystallographic
orientation, electric properties, and performance of solar cells, the second part of this chapter
evaluates different orientations and their effect on solar cells. Previous studies have shown

1617 Therefore, to evaluate

changes in crystallographic properties due to humidity exposure.
the effect of different crystallographic orientations in LHP films in solar cells, a humidity-
induced reorientation treatment was used as a tool to tune orientation in the mixed-cation
mixed-halide perovskite Csoos(MAo.15FA0ss)Pb(logsBrois)s (CsMAFA). Humidity exposure
induces a crystallographic reorientation in the polycrystalline films, which also depends on the
amount of organic A-site cation material at the surface. For films with an excess of organic
halide, the humidity was shown to induce orientation in the (100) plane contributing to the
enhancement of photocurrents and long-term device stability. This work shows the

importance of preferred orientation for the electronic properties of LHPs emphasizing charge

carrier extraction in photovoltaic devices.
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4.1 'The Role of the Solvent and A-site Cation

Preferred crystallographic orientation in polycrystalline films is highly desired to control charge
carrier transport in organic-inorganic lead halide perovskite solar cells. For example, oriented

108

crystallographic domains have been shown to enhance charge carrier transport ™ and suppress

' in lead halide perovskite films. Therefore, manipulating the degree of

lonic migration
crystallographic orientation presents an important design principle.”'"*!"" Furthermore,
organic-inorganic lead bromide perovskites, compared to the more common lead iodide
perovskites, have also shown potential for multijunction perovskite solar cells because of their
wide bandgap and phase stability.'*""* Beyond solar cells, lead bromide perovskites have been
used for light-emitting devices '"” and photodetectors."'*'"” For these reasons, understanding
the structure-property relationships of bromine-based perovskites is fundamental to designing

better optoelectronic devices. In particular, the underlying mechanisms that dominate

crystallographic orientation in lead bromide perovskites are underexplored.

Solvent engineering has been used to control the crystallization kinetics and different
properties of perovskite polycrystalline thin films.'"™'* The highest power conversion
efficiency in perovskite solar cells has been through solution processing utilizing a precursor
solution of a mixture of N,N-dimethylformamide (DMF), and dimethyl sulfoxide (DMSO).""*
Differences in coordination between the solvent, DMF or DMSO, with the perovskite
precursors salts (e.g., MABr, FABr, PbBr;) have led to variations in the crystallization process,
affecting the film morphology and crystallographic orientation.*>'**'* Solvent coordination
influences the formation of colloidal particles in solution, which has an important effect on
the overall crystallization process and perovskite thin film morphology.*'**!** For example,

adding an optimum amount of DMSO slows down crystallization and helps control
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crystallinity in halide perovskites.''*****"*" Instead, DMF coordinates less strongly, leading to
a faster and poorly controlled crystallization.”™"*" The colloids in the precursor solution may
agglomerate, forming colloidal particles and intermediate solvent-perovskite phases, all of
which have an effect on the crystallized film.*"*>'** In particular, iodide-based lead perovskites
form numerous types of iodo-plumbate structures in solution and other solvent-perovskite
phases both in DMF and DMSO.*>"*"'** Ray et al. studied and observed important differences

in the precursor solution colloids leading to different final structures in Cs-Pb-Br complexes.125

In lead halide perovskites APbBrs;, A can be the inorganic Cs atom or the organic
methylammonium (MA) or formamidinium (FA) molecule.*>'"*"*!"11* "The A-site cation has
also been shown to play a role in the crystallization behavior of halide perovskite thin films.
For example, Petrov et al. showed that FA and MA led to different solvent-halo-plumbate
complexes. For the Br-based compositions, they showed that the combination of MABr and
PbBr; in DMF or DMSO did not form any solvent intermediate phase as it converted directly
into MAPbBr; perovskite.” However, in the case of FA, combining FABr and PbBr; in
DMSO, a solvent intermediate phase (FA),PbBr;-DMSO was formed.™'"” This suggests that
the A-site cation has a very strong influence on the crystallization of thin films. An et al. studied
the Cs-FA iodide-bromide compositional space from a pure DMSO precursor solution,
showing that the film became more oriented when Cs and Br were added.** In agreement with
An, Steele et al.'”” studied the crystallographic orientation of all-inorganic lead iodide
perovskites, where they found that incorporating Br into CsPbl; reduced the orthorhombic
lattice distortion and led to energetically favored crystallographic orientations. Zheng et al.'’
manipulated the crystallographic orientation of lead halide perovskites by incorporating alkali
metal cations such as Cs and Rb into the A-site. These different studies have shown that both

solvent and composition will influence the orientation. Further, separating the solvent and
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composition (A-site cation) effects is important to understand the dominating factors that lead

to a high degree of orientation for an optimal material design.

Herein, we investigate the role of the solvent and, importantly, of the organic A-site cation
in controlling crystallographic orientation in lead bromide perovskites. To understand
polycrystalline film orientation, we start from the early stages of crystallization by analyzing
the precursor solutions through small-angle X-ray scattering (SAXS). We study the two
organic cations MA and FA, both in DMF and DMSO, to unravel the A-site cation effect in
orientation. Crystallographic film orientation is analyzed by grazing-incidence wide-angle X-
ray scattering (GIWAXS). We observe an interplay between solvent and A-site cation that
dominates the crystallographic orientation in lead bromide perovskites. We observe that
DMSO creates a highly oriented film, compared to a more random orientation, when using
DMF. For the A-site cation, regardless of the solvent, MAPbBr; shows a higher degree of
orientation than FAPbBr;. By calculating the surface energy of the (100) and (110) plane facets,
we see that MAPbBr; is thermodynamically favored to have the (100) planes oriented parallel
to the surface; instead, FAPbBr; exhibits a near degeneracy between the (100) and (110) facets,
leading to a lower degree of preferred orientation. In addition, we show that the A-site cation,
given differences in preferred orientation, does not affect ionic diffusion but does change the
ionic density as a function of a bias, as shown in impedance spectroscopy. The latter causes
increased hysteresis in solar cells. Our findings provide valuable guidelines for designing lead
bromide perovskites with an optimum degree of preferred crystallographic orientation for

optimal performance.
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4.1.1  Early Stages of Crystallization

To analyze the perovskite precursor solutions, we measured SAXS of MABr-PbBr, and FABr-
PbBr; precursors in DMF and DMSO (1 M). SAXS is a technique widely used to analyze the
structure of nanoparticles in solution and their colloidal properties, and reveals information
about sizes, distributions, and the interaction of these particles.*>"”" Flatken et. al introduced
SAXS as a technique to treveal the colloidal nature of lead halide perovskites.” Moreover,
SAXS allows for the analysis of high concentration solutions in comparison to other
techniques such as dynamic light scattering (DLS) and UV-VIS spectroscopy, that necessitate
lower concentrations.****"! Figure 4.1 shows our SAXS results and interpretation. In Figure
4.1A, the DMF solutions generate clear and strong scattering peaks. In SAXS patterns, the
scattering intensity indicates the presence of particles in solution. In addition, the scattering
peak maximum results from particle interactions in solution.*” This strong particle interaction
indicates a quasi-crystalline prearrangement of particles in solution, which will affect the early
stages of crystallization.”” The maximum peak position at ¢,.. teveals the mean 4 spacing
from Bragg’s law d = 21T/ ¢, The d spacing is the distance between the mass centers of
interacting colloidal particles. From Figure 1A, we calculate the ¢,.. from a Lorentzian fitting
and retrieve the d-spacing (fitting in Figure AS1, Appendix A). For both A-site cations in
DMF there is colloidal particle interaction in solution. The calculated interparticle distance for
both FA and MA particles is around 1.85 nm. Flatken et al. have shown a similar SAXS peak
when preparing different lead iodide perovskites such as MAPbI; and FAPbI; in a mixture of
DMF and DMSO.*"® However, the pure DMSO precursor solution showed no clear

scattering peak (Figure 4.1A).
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Figure 4.1 Particle interactions in the precursor solution. (A) SAXS data for the four studied systems
MAPbDBr; in DMF or DMSO, and FAPbBr; in DMF or DMSO. (B) Schematic of the particle interaction
in DMF and DMSO interpreted from SAXS data, A is MA or FA, and d is the interparticle distance.

In comparison to DMF, DMSO prevents the A-Pb-Br interaction as DMSO binds more
strongly than DMF to the precursor salts, preventing the A-Pb-Br interaction. This suggests
that there is no colloidal particle interaction. In contrast, in DMF, a solvent with weaker
coordination, the colloidal particles interact with each other and form clusters.'” This is in
agreement with the previous work by Ray et al. which showed that due to the strong
coordination of DMSO, the particles in solution do not interact with each other, remaining
isolated.”” This work also showed that DMSO forms colloidal particles one order of
magnitude smaller than in DMF.'” The schematics in Figure 4.1B show the hypothesized

differences in particle interaction for DMF and DMSO. The shape and composition of these
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particles are unknown but based on the work of Ray et al."” and Flatken et al.*', we speculate

that these are bromo-plumbate octahedra, the result of the interaction between A- Pb- Br in
solution. We observe that in the bromide precursor solution, like in iodide perovskites,"*"'*

the colloidal particle interactions in solution are driven by the solvent, while the A-site cation

does not show to play a role in the colloidal interactions.
4.1.2  Preferred Crystallographic Orientation

We performed GIWAXS measurements on thin films prepared with DMF and DMSO to
examine the effect of different cluster formations arising from the different solvents on the
orientation of the thin films. Synchrotron-based GIWAXS has been widely used to analyze
the crystallographic orientation and the structure of the lead halide perovskites in thin films
and solar cells.”"* First, we study the effect of the solvent of the precursor solution on the
crystal phases and crystallographic orientation by comparing the deposition of FAPbBr; and
MAPbBBr; in DMF, DMF:DMSO (4:1 volume), and DMSO. The 2D GIWAXS patterns were
integrated to provide 1D diffraction patterns that are shown in Figure AS2. For all the
solvents, MAPbBr; '’ and FAPbBr; **"* display diffraction peaks corresponding to a cubic
symmetry Pm3m. To identify crystallographic orientations, we analyzed the Debye-Scherrer
rings from the GIWAXS patterns in Figure 4.2. Figure 4.2A shows the 2D GIWAXS for
MAPDBBr3 As we change the solvent from DMF to DMSO, we see a clear evolution of the
crystallographic orientation. For DMF, we observe a complete Debye-Scherrer ring of the
(100) plane at g ~ 1.06 £0.06 A, evidence of random orientation as the crystallographic
domains scatter X-rays in all angles. The complete ring sharpens into an arc when adding one-
fourth of the volume of DMSO, showing a preferred orientation of the crystallographic

domains. For pure DMSO, the arc of the (100) plane sharpens further into a high-intensity
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Bragg spot, indicating a high degree of preferred orientation. Figure 4.2B shows the 2D
GIWAXS for FAPbBr;, where the evolution and degree of orientation differ. For DMF and
DMF:DMSO, FAPbBr; shows a uniform intensity in all the rings, suggesting the film has no
preferred orientation. For pure DMSO, the ring of the (100) plane sharpens into an arc with
maximum intensity at ¢.= 0, increasing the degree of preferred crystallographic orientation

from random to preferentially oriented crystallographic domains.

To further analyze and quantify crystallographic orientation, we integrated the
azimuthal profile (y) of the Debye-Scherrer rings of the first two peaks corresponding to the
(100) plane at ¢, ~ 1.06 = 0.06 A™!, and the (110) plane at g, ~ 1.4 = 0.06 A™". The peak of the
azimuthal profile provides information about the direction of the preferred orientation of the
planes. Since the grazing-incidence measurements give rise to a missing wedge near the g axis
due to the curvature of the Ewald sphere, it is important to analyze the orientation of the two
planes. We studied the (100) and (110) planes, where the (110) plane complements the
quantitative description of orientation. The 100 and 110 Debye-Scherrer rings are integrated
from y = -80° to 80°, where y = 0° is set at ¢, = 0 (out-of-plane) and y = 90° at ¢, = 0 (in-
plane). For MAPbBr;, we integrated the azimuthal profile of the Debye-Scherrer rings from
Figure 4.2A into Figure 4.2C, and for FAPbBr;, the azimuthal profiles are integrated from
Figure 4.2B into Figure 4.2D. To understand the dispersion in the preferred orientation of
the crystallographic domains, we fit the azimuthal profile peaks into a Pseudo-Voigt or
Gaussian function from which we obtain the full width to half maximum (FWHM) and other
statistical parameters shown in Table AS1. The azimuthal profile for MAPbBr; in Figure
4.2C shows a peak at 0° of the (100) plane, evidence that these planes are oriented parallel to
the substrate. In addition, the azimuthal profile peak of the (110) plane is around 45°, which

is consistent with the (100) plane being oriented parallel to the substrate (explanation in Figure
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AS3). We also observe that the choice of solvent changes the FWHM of the fitted azimuthal
peak, as expected from the evolution in the degree of orientation seen in the 2D GIWAXS
patterns in Figure 4.2A. In MAPbB«; in DMF, the (100) peak is broader, and the fitting has
a larger error and low R* (Table S1). When DMSO is added (DMF:DMSO and pure DMSO),
the azimuthal peaks sharpen, and the raw data fits nicely into the Pseudo Voigt function with
a high R* (Table AS1). The sharp azimuthal profile peaks indicate a high degree of preferred
orientation of the (100) plane parallel to the substrate. In addition, the MAPbBr; with DMSO

has the lowest FWHM, hence the highest degree of preferred orientation.

In Figure 4.2D, we plot the azimuthal profile peaks for FAPbBrs. Compared to
MAPDBT1;, the FAPbBr; peaks are all broader and have a higher FWHM, showing a lower
degree of preferred orientation. For DMF, the crystallographic domains show dispersion in
the integrated data, suggesting a low degree of preferred orientation. The fitted Gaussian peak
for DMF has a very low R* and a large error in Table AS1. The poor fitting for FAPbBr3-
DMF is attributed to the random orientation of the film. As we added DMSO to the precursor
solution, the R* of the fit of the 100 azimuthal peak 0° increased, showing a preferred
orientation of crystallographic domains with the (100) plane parallel to the substrate. For
FAPbBr;-DMEF:DMSO, the 110 azimuthal profile shows three broad peaks at around + 45°
and 0°, which indicates a lower degree of orientation and a higher dispersion. With pure
DMSO, the 100 azimuthal peak sharpens, the 110 azimuthal profile shows two broad peaks
at * 45°, and the data fitting improves, with a higher R” and lower error in Table AS1. These
changes suggest that pure DMSO induces some preferred orientation, even in FA-based films.
These results on preferred crystallographic orientation were corroborated by comparing the
ratio in intensity between the 100 and 110 peaks from Bragg Brentano XRD to complement

the missing wedge from GIWAXS (Figure AS4). In summary, the FWHM of the 100
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azimuthal peak shown in Figure 4.2E quantifies the dispersion of orientation of the
crystallographic domains. MAPbB1; films deposited from a pure DMSO precursor solution
show the lowest FWHM, evidence of the highest degree of preferred orientation. In contrast,
FAPDbBr; shows a higher FWHM, decreasing the degree of preferred orientation. Additionally,
we verified that the preferred orientation was induced by the solvent and was not kinetically
determined by the antisolvent addition times. Figures AS5-6 show the GIWAXS patterns and
azimuthal integration of lead bromide perovskite films adding CB as antisolvent at different

times during the spin-coating process.

The SAXS results discussed in the previous section suggest that there are interactions
between the bromo-plumbate octahedra colloidal particles in DMF, which favor the possible
formation of agglomerates in solution. We speculate that these colloidal aggregates could form
dispersed and agglomerated nuclei for the crystallization process. This could lead to the
random orientation observed in DMF from the GIWAXS measurements, as illustrated in the
schematics of Figure AS7. The higher degree of random orientation in DMF is observed
regardless of cation type, indicative of this solvent-dominated phenomenon. To further
understand the origins of preferred crystallographic orientation in lead bromide perovskites,
we now discuss why MA and FA impact preferred orientation in pure DMSO, where there
are no colloidal interactions. Instead, in DMSO, the octahedra particles and nuclei would be
isolated, and the crystallization is slowed down. We also learned from SAXS in Figure 4.1 that
there were no differences between MA and FA in solution. However, the crystallized films in
pure DMSO still show differences in orientation. Regardless of the solvent, we observe
differences in crystallographic orientation when comparing MAPbBr; and FAPbBr;. For this
reason, other underlying forces and mechanisms must lead to differences in orientation for

the different A-site cations in lead bromide perovskites.
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Figure 4.2 Figure Interplay of solvent and A-site cation in the crystallographic orientation of lead
bromide films studied by GIWAXS. (A,B) 2D GIWAXS patterns in DMF, DMF:DMSO (4:1 volume),
and DMSO for (A) MAPbB1; and (B) FAPbBr;. (C,D) Azimuthal integration profiles of the main Debye-
Schetrer rings (100 and 110) as a function of the ¥ angle from GIWAXS for three solvent systems for (C)
MAPbDBr; and (D) FAPbBr3. (E) FWHM and error bar of the azimuthal peak for MAPbBr3; and FAPbBr;
as a function of the solvent.

4.1.3  Mechanisms for Preferred Orientation

We used periodic DFT to calculate the relative surface energies for MAPbBr; and FAPbBz;
to help explain the difference in crystallographic orientation observed in the GIWAXS

measurements arising from the difference in A-site cation. The calculated surface energies for
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a representative surface from the {100} and {110} family of planes ate presented in Figure
4.3A. We considered both PbBr, and FABr/MABr termination, but we observed that the
termination only leads to a qualitatively negligible variation in the surface energy regardless of
A-site cation and surface plane. Therefore, the following qualitative conclusions are discussed

regardless of this distinction.

Figure 4.3A shows that the (100) terminated slab is energetically more stable in
comparison to the (110) terminated slab for MAPbBr; in agreement with previous
calculations. The (100) and (110) FAPbBr; have almost equivalent surface energies. The energy
differences between the (110) and (100) surfaces for both cations are presented in Figure
4.3B. The large energy difference for MA compared to FA agrees with and helps explain the
experimentally observed difference in crystallographic orientation. For MA, the (100) surface
is energetically more stable and will therefore be the dominant surface that is formed. For FA,
the relative degeneracy between the (100) and (110) surfaces imply no thermodynamic driving
force to form one surface over the other. Therefore, both surfaces can be easily formed,
leading to a higher degree of orientational disorder. The relative difference in surface energies
between MAPbBr; and FAPbBr; surface can be understood by comparing the orientation of
the A-site cation in the final surface structures (Figure 4.3C) to that in the bulk. In all cases,
the organic A-site cation adopts a configuration where its dipole moment is parallel to the
surface to minimize the energetic penalty of forming the surface. The difference is that in
MAPDBBr;, the orientation of the A-site cation in the bulk already corresponds to a planar
configuration; MAPDbBr; only exhibits a minor geometric re-organization for both the (100)
and (110) surfaces in comparison to the bulk structure associated with a rotation along the C-
N bond for the MA cation. Similarly, the FA cation is already planar in the (100) surface and

therefore does not reorient significantly. However, the bulk configuration of the FA cation is
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perpendicular to the (110) surface plane. Therefore, the FA cations close to the surface
significantly reorient upon the formation of the (110) surface, such that they adopt a
configuration parallel to the (110) surface. This reorientation leads to an energetic stabilization
of the (110) surface and results in the relative energy degeneracy between the (100) and (110)
terminations. This planar configuration of the FA cation has been previously observed in the
context of FAPbIL:."” While this analysis does not account for the kinetics of surface
formation, the presence of two competing surface orientations in FAPDbBr; provides

thermodynamic insight into the increased disorder observed in the GIWAXS measurements

(Figure 4.3D).
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Figure 4.3 Results of the DFT calculation for the representative (100) and (110) surfaces of MAPbB13
and FAPDbBr3. (A) Surface energy of the analyzed structures computed for sutfaces with PbBr; or
FABr/MABr termination. (B) Enetgy difference between the cortesponding (110) and (100) surfaces.
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throughout the calculation. (D) Pictorial representation of the increased surface disorder due to the
presence of two competing surfaces in FAPbB13.
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4.1.4  Solar Cell Performance and lonic Movement

Having understood the effect of the A-site cation on preferred crystallographic orientation,
we studied how the choice of A-site cation impacts the electric response in perovskite solar
cells. We confirmed the same differences in the preferred orientation of the MA and FA lead
bromide perovskites on the solar cell substrate (Figure ASS8). The solar cells had an n-i-p
architecture that was described in the experimental section, and it is shown in Figure 4.4A.
Lead bromide perovskite solar cells exhibit significantly lower efficiency compared to their
iodine counterparts due to their wider bandgap and unoptimized contacts.”"**"" However,
their large bandgap expands the scope of application into multijunction solar cells or other
optoelectronic applications. We measured the J-17 characteristics of the solar cells under
simulated solar illumination (AM 1.5 G, 100 mW/cm?) to calculate the figures of merit of the
solar cells (J-I” curves example in Figure AS9). We measured the open circuit voltage, short
circuit current, fill factor, power conversion efficiency (PCE) from the J-V scan, and the
stabilized PCE from the maximum power point tracking (PCEwwppr). The statistical distribution
of the open circuit voltage is shown in Figure 4.4B. The optical bandgap variations (Figure
AS10) dominate the trends in the open circuit voltage. A larger bandgap for MA relative to
FA increases the open circuit voltage and decreases the short circuit current (Figure AS11).
Given the differences in the bandgap, we cannot attribute the differences in charge carrier
transport solely to crystallographic orientation. However, based on previous studies, a better
charge carrier transport is expected for an oriented polycrystalline thin film."®"" The other
figures of merit of the solar cells, fill factor, and PCE from the reverse scan are reported in

the Appendix A (Figure AS11).
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Beyond the effect of crystallographic orientation on charge carrier transport in
perovskite solar cells, some studies have shown that orientation can influence the pathway of
ionic movement. It has been shown that the halide and Pb ions can move along the (110)
plane.'” Hysteresis of the J-I” curve in lead halide perovskite solar cells has been attributed to
ion migration,"”® among others."””™*" Although ionic movement is not solely associated with J-
17 curve hysteresis,'” we analyze the hysteresis behavior to get an insight into how
crystallographic orientation influences ion migration. Therefore, we calculated the absolute
hysteresis index from the PCE to study the effects of ionic movement by comparing the
difference between the forward scan (FS) and reverse scan (RS) of the PCE as follows:'*

|PCERs - PCEFs| 9)
PCERs

hysteresis % =
The devices made with FAPbBr; perovskites show a lower hysteresis than those made with
MAPDBT1;. This hysteresis behavior associated with ion migration that is dependent on lead
halide perovskite composition is in line with the previous reports.”””'*"'** In MAPbBz;, the
defect activation energy barrier for ion movement has been calculated to be lower than that
of FAPbBr;, giving rise to more ionic movement, and explaining the larger hysteresis behavior
for MAPbBr:.'* In addition, the hydrogen bond between the organic A-site cation and the
bromine is stronger for FA than MA, limiting the motion of the cation in the case of

FAPDbBr:.'** This could be an additional explanation for the increase in hysteresis in MAPbBr;

solar cells.

To further understand the role of A-site cation on ionic motion in these materials, we
measured impedance spectroscopy under different biases. The resulting Nyquist plots
reproduce the characteristic patterns of lead halide perovskite solar cells '* (see representative

spectra in Figure AS12). The Nyquist plots were fitted to an equivalent circuit reported
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elsewhere (illustrated in Figure 4.4C)."*

This circuit includes a resistor (R..+s) that couples
both the recombination and transport resistances due to the low chemical capacitance of
perovskite solar cells and a low-frequency branch with a capacitor (Cy) and resistor (R,), both

related to the ionic nature of the lead halide perovskites. In Figure 4.4D, K., displays

negligible variations between MAPbBr; and FAPbBr; under lower bias values.
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Figure 4.4 Electrical properties of solar cell. (A) Perovskite solar cell architecture where A in APbBr; is
MA or FA in DMSO, (B) Box plots of the solar cell characterization from J-V cutve open circuit voltage,
and absolute hysteresis index of the power conversion efficiency (PCE). (C,D) Impedance spectroscopy
measurements for MAPbB1; and FAPbBr; solar cells. (C) Equivalent circuit used for the analysis of the
impedance spectra, (D) Recombination and transport resistance for different applied biases (Riec+tr),
low-frequency capacitance for different applied biases (Ca:), and low-frequency resistor (Rq:).

Hich capacitance values at low-frequency regimes have been a fingerprint of lead
g p q y 1eg gerp

halide perovskite solar cells.'* The origin of this low-frequency capacitance is typically
attributed to the mixed ionic-electronic nature of these materials."*>'*” In the equivalent circuit

employed to analyze the results, this capacitance is modeled by a constant phase element Cj
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to account for dispersive phenomena, yet with exponent values close to 1. The Cj can be
interpreted as an indication of increased ionic density or as higher ionic diffusion.'* Therefore,
a comparative analysis of the Cjis used to understand the ionic differences between MAPbBr;
and FAPDbBr;, as observed in Figure 4.4D. FA has a slightly lower C;than MA. The slight
reduction of Cj.can be interpreted as an indication of increased ionic diffusion or higher ionic
density in FAPbBr;. To decouple the effects between ionic density and ionic diffusion, we
examined the low-frequency part of the spectrum R,. The increase of R, for FAPbBr;
compared to MAPbBr; confirms the higher ionic density of the latter. These variations are in
line with the increase of the absolute J-1” hysteresis in MAPbBr; solar cells (Figure 4.4B).

1 in which bromide

These experimental results align with published computational results
vacancies and interstitials had much lower formation energies and higher densities in MAPbBT1;

than for FAPbBr;, where the FA cation suppressed ion diffusion.

Analyzing the effect of preferred crystallographic orientation on the ionic effects, we
observe that the highly preferentially oriented MAPDbBr; has the highest ionic density
compared to the randomly oriented FAPbBr;. We suggest that ionic effects could be affected
by the crystallographic orientation in lead bromide perovskites. Previous studies have shown
the effects of in-plane crystallographic orientation of lead halide perovskites, where it has been
observed that preferred orientation leads to a higher movement of ions. Fassl et al. studied the
effect of in-plane crystallographic orientation on ionic transport rate from simulations and
expetimental work."” They found that the relative orientation of the crystals affects ionic
migration in polycrystalline films; alighed crystals had uniform ion transport, while randomly
oriented crystals had varying rates of ionic transport. Further, Eames et al. showed that in
perovskite films with vacancy defects, ions have favorable crystallographic planes to move."”

The halide migrates along the octahedron edge between halide sites.”™ Given that mobile ions
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can move in the <110> family of directions, Flannery et al.'” observed that ionic movement
through the absorber layer is higher if the crystals in a mixed-halide lead halide perovskite film
were highly oriented in the (110) plane. While an effect of orientation on charge transport
cannot be excluded, we show that increased preferred orientation along the (100) plane does
not contribute to an improved ion diffusion. Differences in the ionic contribution are ascribed

to an increased ionic density in the highly ordered MAPbBr; perovskite.

4.1.5  Conclusions

We studied the effect of the solvent and organic A-site cation on the crystallographic
orientation in lead bromide thin films. We showed that there is an interplay between the type
of solvent and A-site cation that determines the preferred crystallographic orientation in
bromine-based perovskites. Polycrystalline thin films prepared from solutions in DMF
solvents exhibit less orientation, whereas films prepared from solutions in DMSO exhibit
higher degree of preferred orientation for both FA and MA. Regardless of the solvent,
MAPbDBT; showed a higher degree of preferred orientation compared to FAPbBrs. Theoretical
calculations showed that thermodynamically, MAPbBr; is energetically favored to grow along
the (100) plane, while in FAPbBz; the (100) and (110) surfaces are nearly degenerate in energy,
and both are equally favored for growth. In addition, we observed that there are larger ionic
movement effects in the highly oriented MAPbBr; solar cells. The J-17 hysteresis of the solar
cells, and impedance spectroscopy results, indicate higher ionic density effects in MAPbBT1s.
This work provides new insights on the role of both solvent and A-site cation on the

crystallization of thin films.

74



4.2 Humidity-Induced Crystallographic Reorientations and Effects on Charge

Carrier Extraction in Perovskite Solar Cells

To understand the effects of crystallographic orientation on charge carrier extraction in
perovskite solar cells, a highly efficient LHP, mixed-cation mixed-halide perovskite
Cs00s(MAo17F Ao s3)0.00sPb(lossBto17)s, abbreviated as CsMAFA, was studied.” The APbX;
structure has been tailored to include multiple A-site cations (i.e., MA, FA, Cs) and X anions
(i.e., I, Br)) and to improve the efficiencies of PSCs."”""** CsMAFA is among the most widely
used LHP for PSCs. In this composition, a slight Pbl, excess has been introduced to improve
PCEs by reducing non-radiative recombination both in the bulk and at LHP film interfaces.”>
" The change in the A:Pb stoichiometric ratio has also been thought to improve stability by
reducing the amount of polar organic A-site cation (more hygroscopic) at the LHP surface,
which would favor hydroxyl group interactions that accelerate degradation.”””"*® In contrast,
MAPbDI; solar cells have shown a positive effect on performance caused by humidity in the

159,160

short term. Exposing MAPbI; films to humidity during or immediately after
processing'"*'""!" has been shown to enhance the microscale film morphology, e.g., larger
grains, and improvements in solar cell performance. Chiang et al."”* and Petrus et al."”” show
improved crystallinity in MAPDbI; after humidity, suggesting improved preferred orientation.
Therefore, to study the effect of orientation in highly efficient solar cells, we evaluate humidity-

induced changes in the morphology and orientation for a state-of-the-art LHP composition,

CsMAFA.

Herein, crystallographic orientation changes due to exposure to humidity and their
effects on the electronic properties of solar cells are investigated as a function of different

stoichiometric ratios. Changes in the orientation of the LHP films were probed at the surface

75



and in the bulk using GIWAXS below and above the critical incident angle. Synchrotron-based
XRF maps with operando XBIC was used to understand the effects of humidity exposure on
elemental composition. This work revealed two main observations:(1) changes in the surface
crystallographic orientation versus the bulk for excess Pb films correlate with a decrease in
photocurrent and stability of the solar cell, and (2) inducing orientation of the (100) plane to
be parallel to the direction of charge carrier transport (i.e., perpendicular to the substrate in a
solar cell) leads to a large improvement in photocurrents. This work shows that exposure to
humidity induces changes in the orientation of LHP crystals and that such changes, dependent
on the film organic A:Pb ratios, have a major impact on charge transport and collection in a
solar cell. Humidity-induced reorientation is an example of crystallographic orientation tuning,
an important parameter to control and further study to enhance the efficiency and long-term

stability in various types of LHPs.

4.2.1  Monphology of the LHP Thin Films

To understand crystallographic orientation when exposed to humidity for a highly efficient
state-of-the-art LHP, a set of CsMAFA LHPs were fabricated with different organic A:Pb
ratios: 9% excess Pb (EL) and 5% excess organics (EO), with no changes in the Csl addition
for all stoichiometries. A set of LHP films were exposed to a high relative humidity (RH)
environment for 48 hours right after the spin coating and annealing (Figure 3.2, Chapter 3).
The LHP films were then introduced to a nitrogen environment for two hours. Films exposed
to humidity are labeled “H,O” and those that were not exposed are labeled “w/o H,O”, with

the latter being the control samples.

To investigate LHP film coverage and micro defects, top-view scanning electron

microscopy (SEM) images were taken (Figure 4.5). The SEM images show a continuous
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coverage of the substrate with no visible pinholes and clearly defined grains regardless of
processing conditions for all LHP films. A significant increase in the average grain size for the
EO films after exposure to moisture is observed from 200 nm to 500 nm. For the EL films

exposed to humidity, we observe a relatively unchanged average grain size of around 300 nm.

Exposure to humidity has been shown to increase LHP grains for some'**'""'®” whereas other

studies have shown no changes.””'” In this work, SEM results shows that these discrepancies

could be attributed to changes in stoichiometry in the precursor solutions.
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Figure 4.5 SEM images for each studied condition of LHP on top of ITO substrates and the grain size
histogram (fitted by a log-normal distribution) from 5 analyzed images per condition. Without humidity
exposure (w/o Hy0) and exposed to humidity (H,0) for 24 hours RH ~70%. Stoichiometry Pb:A ratio

is 1.09: 1 for EL, and 0.95: 1 for EO. Scale bar is 1 um.

The increase in the grain size for the EO films, when exposed to moisture, could be explained

by the hygroscopic nature of the organic cations and recrystallization.'”™"*® It is possible that
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water molecules have a higher interaction of the hydroxyl group with the hydrogen from the
organic cations, triggering a re-arrangement of the molecules that could cause enlarging of the
grain size. In contrast, the EL films, where less unreacted organics are present, have potentially
less interactions with water molecules and thus less pronounced changes in the polycrystalline
microstructure. The latter is in line with theoretical simulations which have suggested that Pbl,

terminated I.LHPs are more robust to humidity degradation.'”®

4.2.2  Elemental Chemistry by XPS
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Figure 4.6 Elemental chemistry by XPS surface composition: element (Z) to Pb atomic percentage ratio
(Z:Pb) calculated from XPS for Pb 4f, Br 3d (square), C 1s (circle), N 1s (triangle), and O 1s (star) for
each of the studied conditions. Without humidity exposure (w/o H;0) and exposed to humidity (H2O)
for 24 hours RH ~70%. Stoichiometry Pb:A ratio is 1.09: 1 for EL, and 0.95: 1 for EO.

X-ray photoelectron spectroscopy (XPS) was performed to analyze the surface elemental
composition (Figure AS13, Table AS2, Appendix A) with values in the theoretical and
reported range for CsMAFA.>'* The ratio of Br 3d, C 1s, N 1s, and O 1s with respect to Pb
4f (Element: Pb ratio) were calculated and differences were observed when exposing EL and
EO to humidity, as plotted in Figure 4.6. EO has a higher ratio of C 1s and N 1s to Pb 4f

than EL, which is correlated to the excess of organic cation at the surface of the film, while
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Br 3d has a similar value for both stoichiometries. After humidity exposure we observed that
EO film lost N 1s which is hypothesized to correspond to a loss of FA.'* The C 1s and N 1s
peaks decreased simultaneously, possibly caused by that same loss of organic components.
The O 1s peak increased due to water presence at the surface, and Br 3d remained constant.
For the EL films the N 1s and Br 3D peaks did not change when exposed to humidity, while

C 1s and O 1s moderately increased.

4.2.3  Structural Analysis of the LHP Thin Films

To investigate if the changes observed in SEM domain size also impacted the film crystal
structure, XRD was measured for all LHP films (Figure 4.7). The XRD pattern in Figure
4.7A shows the 001 Pbl, peak only for the EL films, suggesting no Pbl, for the EO films with
or without exposure to humidity (Figure AS14). We do not observe hydrated phases on the
XRD pattern after exposing the films to humidity, in contrast with the MAPbI; perovskite

107,157,161

hydrated phases seen in literature when exposed to humidity (e.g. monohydrate at

10.5°, and dihydrate phase at around 11.4°)."” From all the measured XRD patterns (Figure
AS14), the intensity ratio between the 100:110 LHP peaks (Figure AS15) was calculated. The
ratio for the EO films was three times larger when exposed to humidity, revealing an increase
in orientation of the (100) parallel to the substrate, in agreement with previous reports where

106,107,165,16

orientation changes were prompted by water.  XRD changes in peak intensity suggest

a change in crystal orientation triggered by exposure to humidity, in particular, for EO.

For in-depth analysis of the peak positions and broadening, the d-spacing and full
width at half maximum (FWHM) from the (100) LHP peak were calculated (Figure AS16,
Table AS3, Table AS4). The d-spacing for each composition showed no significant change

for the EL films. However, for the EO films, there was a slight increase in d-spacing when
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exposed to humidity. The FWHM of the (100) LHP diffraction peak showed an increase for
the EL and a large decrease for the EO. These results suggest that the EO LHP films undergo

a large change in crystallite size, which agrees with the SEM images (Figure 4.5).
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Figure 4.7 Structure of CsMAFA films by XRD. (A) XRD pattern with characteristic simple cubic LHP
peaks labeled and (B) micro strain calculated from the Williamson-Hall plot method. The results were
calculated from 4 different series of XRD patterns, and the average and standard deviation are shown.
Without humidity exposure (w/o H0) and exposed to humidity (H,O) for 24 hours RH ~70%.
Stoichiometry Pb:A ratio is 1.09: 1 for EL, and 0.95: 1 for EO.

To extend the FWHM analysis and identify the strain and crystallite size components,
a Williamson-Hall plot was created assuming an inhomogeneous strained film (Figure AS17).
From this plot, the micro strain (Figure 4.7B) and crystallite domain size (Figure AS18) were
calculated (Table AS5, Table AS6). The micro strain for the EO films exposed to humidity
increased. A higher strain might be caused by inhomogeneities,'”® such as phase segregation
and crystallographic defects in the lattice. However, secondary phases were not detected from
XRD. Therefore, it is possible that the increased strain is a product of elemental segregation,
which introduces lattice defects and higher micro strain. The EO films showed an increase in

the crystallite-size and a decrease in FWHM when the films were exposed to humidity (Figure
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AS18). The SEM and XRD characterization techniques showed considerable changes in LHPs

microstructure driven by stoichiometry and humidity exposure.

To further understand the structural information of the polycrystalline films,
GIWAXS was performed as shown on Figure 3.4, Chapter 3. GIWAXS is a technique that
has been used on LHPs to understand crystal structures and crystallographic orientation at the
surface and bulk of a thin film."*"*>!'%"'% Figure 4.8A,B show the diffraction of LHP films
with EL or EO with and without exposure to humidity for a grazing incident angle a of 0.5°.
The Debye-Scherrer rings at ¢, 1.01, 1.42, and 1.74 A are attributed to the 100, 110, and 111
Bragg peaks, respectively, of the cubic P23 LHP lattice; the peaks at ¢, 0.9, 1.82 and 2.4 A°
"or the EL samples are attributed to the 001, 011 and 012 planes of the P3#7 Pbl, (complete

169

indexing in Figure AS19).” The LHP films with EL showed almost no changes in crystal
orientation after exposure to humidity, while major reorientation was observed in films with
EO. The reorientation was visualized from the redistribution of the peak intensity along the
GIWAXS diffraction ring at ¢, 1.01 and 2.01 A, To identify the preferred angles of
orientation, ¢, was fixed at the 100 peak and the variations on intensity were monitored as a

function of the azimuthal angle (x), defined from the vertical to the origin. Figure 4.8C,D

plot the integrated (100) plane diffraction as a function of .

The interaction with water is expected to propagate from the surface to the bulk of
the LHP films. To probe structural differences between surface and bulk, the azimuthal
distributions were retrieved from two different GIWAXS images acquired below and above
the critical angle of the sample. The measurements were performed at incident angles () of
0.1° and 0.5°, which provide information about the film’s first few nanometers (surface) and

the bulk of the film, respectively (Chapter 3, Grazing Incidence Wide-Angle X-ray Scattering).
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Figure 4.8 GIWAXS with different stoichiometric content without (w/0) exposure to humidity (H,O)
for (A) EL and (B) EO. Integrated intensity plots in the azimuth angle ()) along the ring at q, (1.012)
corresponding to the plane (001) for a cubic structure at different incident angles «, 0.1° (sutface) and
0.5° (bulk) for (C) EL and (D) EO. Schematic of the hypothesized rearrangement of the crystal
orientations at the surface and bulk in the (001) plane for (E) EL and (F) EO.

The bulk diffraction of LHP films containing EL showed preferred orientations at y = 30°

and 60° with and without exposure to humidity. For films without humidity exposure, no
significant changes were seen for the surface versus the bulk. For films that were exposed to

humidity, the surface orientation changed, and there was a shift toward y = 50°, while the
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bulk maintained its preferred orientations at Y = 30° and 60°. The schematic in Figure 4.8E

depicts these orientations.

LHP films with EO followed a markedly different behavior. Both the bulk and surface

of these films reoriented after exposure to humidity. Before exposure to humidity crystallites
had the (100) plane mainly oriented at y = 50°, with a minor orientation at Y = 0°. After the
films were exposed to humidity, both surface and bulk aligned along y = 0°. The diffraction

at y = 0°is generated from planes that are parallel to the substrate. The CsMAFA has a cubic
structure, therefore one of the {100} family of planes is perpendicular to the substrate. The
azimuthal angle integration of higher order planes for the films are in line with the distribution
detailed in Figure 4.8C and D and are reported in Figures AS20- 23. The exposure to
humidity influenced the recrystallization in the surface for the EL polycrystalline film and a

reorientation of the bulk and surface of the EO films.

4.2.4  Optical Properties

To understand the correlation between the structural changes and the optical properties of the
material, UV-VIS absorption and steady-state PL. were measured (Figure 4.9). Figure 4.9A
shows the PL spectra where the LHP emission peak was detected ranging between 762 nm to
782 nm from EL to EO (both exposed to humidity). In the PL spectra, a red shift was
observed with the addition of organics. The optical bandgap in Figure 4.9B was calculated
from the PL emission peak, where a considerable decrease of 0.01 eV in the bandgap was seen
when going from the EL to the EO films. This trend was also seen after exposing to humidity,
where bandgaps decreased further by 0.02 eV. Furthermore, Figure 4.9C shows the UV-Vis

absorption spectra of the films. No significant changes in the absorption were seen for samples
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with or without exposure to humidity. However, there were stoichiometry-dependent changes.
EO LHPs showed a lower absorption for wavelengths lower than 750 nm. The optical
bandgap was calculated from the absorption spectra by the tauc-plot method (Figure AS24);

results were consistent with the bandgap values from the PL peak positions (Figure 4.9B).

Previous studies showed that at high humidity levels, a water-driven halide segregation
occurred in parallel to a PL red shift."”” In this work, a PL red shift was observed for the EO
when exposed to humidity. We hypothesize that a decrease in bandgap is related to the loss of
Br in the EO film exposed to humidity, which prompts conversion to FAI-rich LHP due to
the loss of MA by evaporation and/or segregation of Br from the LHP structure. In addition,
the lattice parameter changes seen in the XRD in Figure AS16 can also be related to changes
in Br distribution and concentration. It is possible that as Br is lost, a FAI-rich LHP would
have a larger d-spacing and a lower bandgap as shown in the literature.” Therefore, the

observed bandgap shift can be correlated with a loss or redistribution of Br in the LHP.
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Figure 4.9 Optical measurements: (A) steady state normalized PL spectra for EL and EO LHP
deposited over FTO, (B) band gap from the PL emission peak and (C) UV-VIS absorption spectra.
Without humidity exposute (w/o H;0) and exposed to humidity (H,O) for 24 hours RH ~70%.
Stoichiometry Pb:A ratio is 1.09: 1 for EL, and 0.95: 1 for EO.
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4.2.5  Perovskite Solar Cell Performance

To study the effects of the humidity-induced crystallographic orientation changes described
above on the performance of solar cells, PSCs with n-i-p architecture were fabricated as
illustrated in Figure 2.9, Chapter 2. The LHP layers were exposed to humidity or kept in a
nitrogen glovebox before depositing the Spiro-OMeTAD layer and gold electrode. Solar cell
short circuit current density (Jsc) and PCE were extracted from current-voltage (J-1) curves
and were plotted in box plots in Figure 4.10A. The champion J-1” curves are shown in Figure

4.10B.

For samples without humidity exposure, lower PCE was obtained for the EO samples
as compared to the EL counterparts. Open circuit voltage (Voc), fill factor (FF), and Jsc values
decreased along with the PCE, which was 18% for EL and 12% for EO (Figure AS25). The
major change occurred in the Jsc, where the EL current was more than 21 mA/cm’®, whereas
the Jsc for EO was around 15 mA/cm® Numerous studies have reported that excess Pb in
LHPs (i.e. MAPbI;, MAFA, CsMAFA) is beneficial as it improves PCE, charge transport
mechanisms, and stability.”"*>"** For example, it has been shown that Pbl, passivates the

interfaces by altering the energy level alignment.'™*

For samples exposed to humidity, the solar cell performance varied depending on the
stoichiometry. The EL solar cells showed small variations in the performance metrics for the
exposed films. The devices showed lower champion values for Voc, Jsc, FF, and PCE, but the
median and mean values were almost unchanged (Figure AS25). For the EO solar cells, a
significant improvement in overall performance was observed when the LHP layer was
exposed to humidity. The improvement was mainly driven by a large increase of 4 mA/cm’ in

the Jsc, showing an overall increase of 4% in the PCE.
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In previous studies, excess Pb in the LHP film has acted as a passivation layer,
decreasing defects and leading to higher performance and tolerance to humidity.'”"**"*% We
have shown that crystallographic orientation in the surface was modified for the EL thin films
(Figure 4.8) and that a minor decrease in performance was measured (Figure 4.10, EL). This
suggests that differences in orientation between bulk and surface in the EL. LHPs alter the
overall solar cell properties. For MAI-excess films, Petrus et al. showed an improvement in
Jsc and PCE upon exposure to humidity for MAI-excess films.'”” We have shown that EO
solar cells exhibit an enhancement in performance when exposing the LHP layer to humidity.
The highest PCE for the EO solar cells (Figure 4.10) correlates to highly oriented (100) plane
in the LHP films (see schematics of Figure 4.8E). Perpendicular orientation results agree with
enhancement of photocurrents and charge carrier transport properties in different GIWAXS
reports in PSCs."”>"""'"* Additionally, the improvement in photocurrents and PCE for the EO
films exposed to humidity correlates with the FA loss in the surface (Figure 4.6). Having an
FA residual layer (as seems to be the case for the unexposed EO films) can lead to lower

currents due to this layer being electronically inactive."

The improvement in all photovoltaic performance parameters due to exposure to
humidity for the EO devices and the changes in the preferred crystallographic orientation
motivated the study of long-term changes in PCE. A maximum power point tracking (MPPT)
test was done in nitrogen for 170 hours under 1 sun illumination (AM 1.5). The average PCE
for 10 pixels per composition is shown in Figure 4.10C. On average, a higher stabilized PCE
was observed for the EL devices without exposure to humidity and for the EO devices
exposed to humidity in Figure 4.10C (best pixel results are shown in Figure AS27). Solar
cells with EO LHP films exposed to humidity showed slower PCE decrease after a week under

illumination when compared to the devices with unexposed films. Because crystallographic
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orientation in LHPs is one of the largest changes we see in these devices, we hypothesize that
a perpendicular crystallographic orientation is desired to enhance photovoltaic performance,

and it could also be correlated to stability due to the structural order.
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Figure 4.10 Solar cell characterization. (A) Boxplots of Jsc, and PCE showing the distribution of all
measured devices in a reverse bias for different stoichiometries with or without exposure to humidity /-
Vcutves of the best pixel for (B) EL and (C) EO devices without (w/0) and with exposure to humidity
(Hz0). Inset graphs show the maximum power point tracking (MPPT) for 170 s for a random pixel
studied (not corresponding to same pixel from J-V curve). (D,E) Average PCEwpp from the stability
aging test by maximum power point tracking (MPPT) for 170 hours from a total of 10 pixels for (D)EL
(D) and (E) EO. Without humidity exposure (w/o H;0) and exposed to humidity (H2O) for 24 hours
RH ~70%.

4.2.6  Chemical Composition and Induced Current Mapping

Chemical composition changes due to LHP thin films exposure to humidity were probed by
XRF. Correlative XBIC mapping was used to probe the effects of the chemical changes on
the electronic properties of the device. These X-rays can penetrate microns allowing for
probing complete devices which are typically about 1 pm thick. The combined synchrotron-
based XRF-XBIC tool has a resolution of 200 nm.'” Therefore, complete devices were

characterized to be able to correlate the elemental composition with the current extracted.
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XRF elemental maps were plotted for the Br:Pb molar ratio of EL. and EO LHP devices as
shown in Figure 4.11A,B. The LHP films without exposure to humidity showed a
homogenous distribution of the halides, with no apparent segregation of elements. However,
two small Br rich areas were seen in the EO device. Exposure to humidity led to halide
segregation regardless of the stoichiometry. Both high and low intensity Br:Pb ratios (dark
blue or intense red spots) were observed in the elemental XRF maps. It has been reported that

LHP interaction with water can trigger phase segregation'”

and compositional/stoichiomettic
changes by breaking hydrogen bonds between the organic cation and Pbl,, leading to possible
diffusion of the MA cation.”” The Br agglomeration in Figure 4.11B for humidity-exposed
samples also shows areas that become more iodine rich around the Br-rich areas. This could
be due to Br movement towards a specific spot as the films recrystallize, leaving less Br around
that Br cluster. In addition, this could help explain the narrower bandgap of the EO films

exposed to humidity, as the homogenous part of the film becomes more iodine-rich, which is

has a narrower bandgap than Br-rich LHPs.
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Figure 4.11 XRF for the elemental molar ratio between Br:Pb and XBIC for the different set of solar cells
(A) EL and (B) EO, with (H20) and without (w/o H,0) humidity treatment. Scale bar is 5 ym. (C)
Boxplot and normal distribution of the integrated XBIC data for EL and EO solar cells.
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The XBIC signal provided insights on the effects of Br agglomeration on charge
extraction. In general, the Br agglomerations led to a decrease in XBIC intensity, showing that
Br clusters are detrimental to charge carrier collection. XBIC is not particularly sensitive to
bandgap changes because the X-ray energies are so high. This makes the technique ideal to
rule out current changes due to a wider bandgap of the Br-rich clusters. The low currents were
particularly strong for the EO LHP films exposed to humidity. The maps showed a large Br-
rich area with a surrounding Br-poor ring and a large decrease in current in the same area was
observed. To estimate the total amount of current extracted from these XBIC maps, the
induced current intensities were integrated and are plotted in Figure 4.11. The integrated
currents showed a decrease in the current for the EL sample when it was exposed to humidity.
On the other hand, for the EO XBIC maps, there was no change in intensity when exposing
the samples to humidity. The decrease in XBIC intensity for humidity exposed EL solar cells
agreed with the Jsc results, but not for EO devices, as shown in Figure 4.10 and Figure AS25.
It is possible that the changes in orientation have a more important role in the extraction of
charge carriers than anything else. Despite the detrimental heterogeneities in humidity exposed
EO LHPs that led to lower clusters of photocurrents, the photocurrents increased (Figure
4.10). The sharpest change shown from the experiments was on the changes of preferred
orientation, which is believed to be helping with charge carrier extraction into the selective

layers.

4.2.7  Reorientation Mechanism

The mechanisms that drive reorientation in LHP films as a function of stoichiometry are very
important to design a more robust and efficient PSC. Here, we suggest that these

stoichiometry-dependent changes occurred due to compositional differences between surface
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and bulk, leading to diverse humidity interaction pathways. From SEM, we observed that the
CsMAFA with EO after humidity exposure showed evidence of what we presume is a
coalescence growth process, as we observed small domains coalesce into larger domains
(Figure 4.5). We hypothesize that this coalescence process depends on the LHP solubility.
Given that H;O is the medium where the domains coalesce, the solubility of the LHP in H,O
affects how much it coalesces; EO has the highest polarity and coalesces the most. The domain
size growth is larger in the case of EO compared to EL, given that EO has more organic
cations, which are highly hygroscopic.”” More than polarity, the initial preferred
crystallographic orientation can also be important for coalescence since the surface energy
associated with each domain boundary varies based on the orientation between contacting
faces."""* The change in domain size for the EO films also happens to be the one with sharper
azimuthal peaks, indicating a higher degree of preferred orientation. The domain boundary
energy is low for films with a higher degree of preferred orientation; hence the crystallographic

domains coalesce more.'” The proposed mechanism is shown in Figure 4.12 as follows.

Excess Organics
H_zo

H,0 enters the bulk H,0 - dissolved LHP re — crystallization
re — orientation

Figure 4.12 Reorientation mechanism in excess organics CsSMAFA LHP thin films.

The large excess of organics present in the EO LHP thin film leads to stronger

interactions with water that allows for larger diffusion throughout the film, leading to the
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dissolution of the LHP in water. This interaction then leads to a recrystallization, triggering
the growth of the domains iz coalescence. Reorientation may be an effect of the domain
growth into a thermodynamically preferred facet. Exposing the films to humidity shows a loss
of MA and FA, as shown in Figure 4.6, and Br segregation occurs in parallel (Figure 4.11).
This phenomenon is not seen for EL. LHP films because of the limited amount of hygroscopic
organics available through the film. Therefore, the crystallographic orientation is only affected

at the very surface, where some organic material is accumulated.'™

4.2.8  Conclusions

In conclusion, this work shows how crystallographic reorientation due to humidity exposure
has a major effect in the electrical properties of LHPs. Importantly, this recrystallization is
dependent on the precursor stoichiometry. For excess organics present, even if there is higher
micro-strain and halide segregation due to humidity exposure, reorientation plays a dominant
role, causing an increase in extracted photocurrents in the reoriented films. In the case of
excess Pb, different crystallographic orientations are measured for surface and bulk. This leads
to a lower charge transport that translates into low photocurrents and low stabilized
efficiencies. This suggests that orientation in the {100} family of planes is fundamental to
allow transport through and out of the LHP thin film, yielding a high performing PSC with
long-term durability. Polycrystalline preferred orientation tuning can be used as tool to
improve charge carrier extraction from the LHP, which then lead to enhanced efficiencies and

long-term stability.
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4.3 Chapter Conclusions

This chapter shows that the solvent and the A-site cation in LHPs dominate crystallographic
orientation. This fundamental understanding was done on Br-based perovskites. Further, a
humidity treatment approach was used to induce reorientation via recrystallization, showing
that a higher degree of preferred orientation leads to improved charge carrier transport in
PSCs. Tuning the degree of crystallographic orientation is a tool to modify and understand the
electric properties of LHPs for their use in solar cells, among other applications. In addition,
in the first part of this chapter, it was found that the early stages of crystallization are critical
for the crystallization process. Further work in the field requires understanding all stages of
the crystallization and kinetics to finely control and design the structure, microstructure,

morphology, and optoelectronic properties of LHPs.
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CHAPTER 5. UNDESIRED PHASE TRANSFORMATIONS IN

HALIDE PEROVSKITES

This chapter is based on the submitted article:

“Synergistic Role of Water and Oxygen Leads to Degradation in Formamidinium-
Based Halide Perovskites”, Manuscript under review, 2023, by Juanita Hidalgo, Waldemar
Kaiser, Yu An, Ruipeng Li, Zion Oh, Andres-Felipe Castro-Mendez, Diana K. LaFollette,
Sanggyun Kim, Barry Lai, Joachim Breternitz, Susan Schorr, Carlo A.R Perini, Edoardo
Mosconi, Filippo De Angelis, and Juan-Pablo Correa-Baena.

Excternal contribution: The theoretical DFT calculations were developed by the group of Professor Filippo De

Angelis, from the University of Perugia and CNR-ISTM, Italy. The reactions and mechanisms resulted from
my discussions with Dr. Waldemar Kaiser.
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Formamidinium (CH(NH,),, FA) metal halide perovskites have emerged as promising
materials for solar cell applications due to their exceptional light-harvesting properties,
producing high power conversion efficiencies (PCEs) up to 26.08%."” However, one of the
most significant challenges is their stability, particularly in the presence of moisture (H.O) and
oxygen (O,), which can trigger phase transformations to non-perovskite structures during
operation.'” To overcome this challenge, mixed ion perovskites, including CsFA;Pbl;
(CsFA), have been shown to provide improved stability compared to their single-cation
counterparts.'****” However, CsFA perovskites also degrade when exposed to ambient air,

where the perovskite structure transforms into non-perovskite phases such as the hexagonal

FAPbI; (2H) and orthorhombic 8-CsPbl; (8Cs)."”'"”” Perovskite degradation due to water

exposure' ¥ and photo-oxidation under illumination in oxygen is widely recognized.*'*>'%*

Nonetheless, we lack a clear understanding of the mechanisms that lead to phase instabilities
in these FA-rich perovskites due to water and oxygen interactions. Therefore, a fundamental
understanding of the mechanisms causing perovskite phase transformations is crucial for
developing durable and efficient metal halide perovskites for solar cell applications.

Herein, we investigate the origin of structural phase instability of FA-based perovskites
upon exposure to H;O, in air (HO/Air) or nitrogen (H,O/Ny), using #n-situ grazing incidence
wide-angle X-ray scattering (GIWAXS). We study the surface chemistry and propose a
mechanism to explain phase transformations when the perovskites are exposed to H,O and
O, using X-ray photoelectron spectroscopy (XPS) and density functional theory (DFT)
calculations. We find that the degradation rate is considerably slower when the perovskite is
exposed to H,O in nitrogen compared to humid air. Our results show that a critical synergy
between H»,O and O; is needed to accelerate the undesired phase transformations in

perovskites. The H>O molecules dissolve FAI on the perovskite surface, leading to the
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volatilization of iodide and FA™ cations. In the dark, O, may interact with the exposed lead-
iodide rich surfaces, oxidizing iodide and forming the thermodynamically favored iodate, 1057,
which bonds to surface Pb ions. Lead (II) iodate, Pb(I103)2, can then volatilize from the surface,
leaving Pbl, vacancies behind and allowing H>O molecules to infiltrate the crystal structure.
The continuous removal of FAI causes a local imbalance between Cs™ and FA”, destabilizing
the CsFA phase and favoring transformation to the 2H and 8Cs phases. Our study provides
structural and atomistic insights of the phase instability in FA-based perovskites when exposed
to humid air conditions and provides surface passivation strategies to stabilize the perovskite

phase for highly stable and efficient solar cells.

5.1 Structural Phase Transformations

To understand the structural phase transformations in FA-based perovskites, we used z-situ
GIWAXS, as shown in Figure 5.1 and Figure BS1 (Appendix B) where we exposed CsFA
films to a relative humidity of ~100%. Initially, we analyzed the structural phase without HO

exposure (Le Bail refinement, Figure BS2, Table BS1), resulting in a mixed cation (Cs 17%
- FA 83%) tetragonal perovskite phase (B) with a space group P4/mbm " (Figure 5.1A).
Figure 5.1B shows the 7n-situ GIWAXS scattering patterns as a function of time exposed to
H,O/Air for 600 min. In H,O/Air, the  phase (mixed-cation) transformed into two different
phases, namely, the single-cation FAPbI; hexagonal phase (2H)"*’ and CsPbl; orthorhombic
phase (8Cs)”* (structures shown in Figure 5.1A). The 2H and 8Cs are both non-perovskite
phases given the lack of corner-sharing octahedra. Figure 5.1C shows the quantified peak

evolution of the integrated area of the main scattering peak of the perovskite (B) and non-

perovskite phases (2H, 8Cs). We observe that 6Cs forms at around 50 min after exposute to
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H,O/Air, while 2H forms after 200 min of exposure, but at a faster rate. A kinetic model was
used to quantify the phase transformation rates, shown in Figures BS3-4, where we fit a rate
constant 4. The negative 4 for the b-110 peak indicates the loss of the b-perovskite phase in

H,O/Air. The positive & for the 2H and 8Cs peaks reveals the appearance of the non-

perovskite phases and a faster formation rate for 2H compared to 0Cs.

To isolate the effect of HoO from O, we performed 7n-situ GIWAXS experiments by
exposing the CsFA films to HxO/Ny, as shown in Figure 5.1D. It is important to study the
role of H»O alone, considering that O, has been key in the photooxidation of
methylammonium lead iodide (MAPbI5) under illumination.'*™"*” Remarkably, when CsFA is
exposed to H2O/Ny, the 3 phase does not change and a 2H phase does not appeat. This is in
contrast with the samples exposed to HO/Air, which suffered phase transformations after
the same exposure time. The peak evolution in Figure 5.1E shows a minor decrease of the b-
perovskite integrated area from 92 to 85 with no formation of the 2H phase. However, the

dCs phase still forms with a rate constant b of 1.5, compared to 2.2 in HO/Air (Figure BS4),

confirming a slower 8Cs phase formation.

To isolate the role of oxygen (from air) from that of the water molecule, we exposed
the CsFA films to dry air only. Interestingly, from zn-situ GIWAXS (Figure 5.1F) and the time
evolution of the main peaks (Figure 5.1G), the phase transformations previously seen do not
occur. The effects of humidity exposure or dry air are independent of the substrate we use
(Figure BS5). We identified that the CsFA phase instability is not just due to humidity
exposure but is accelerated by O.. These results are further corroborated by additional analyses

of the 7n-situ GIWAXS experiments (Figures BS5-6).
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Figure 5.1 Humidity-induced structural phase transformations by in-situ GIWAXS. The structural
phases analyzed are (A) tetragonal b-perovskite of space group P4/mbm (left), 2H FAPbI; hexagonal
non-perovskite phase of space group P63/mmc (center), and orthothombic d-CsPbI; non-perovskite
phase of space group Pnma (right). By in-situ GIWAXS we studied the phase transformations of CsFA
b-perovskite in (B) HO/Ait, (D) H,O/Np, (F) dty air, and whete (C, E, G) are the corresponding
integrated areas of the main scattering peak of each phase.

To study the structural changes at the surface of CsFA films exposed to H:O/Air, we
analyzed the zn-sitn GIWAXS with an incident angle below the critical angle (Figure BS7). We
observed the same transformation from perovskite into non-perovskites on the surface as in

the bulk (Figure 5.1). Further, analyzing the formation of the non-perovskite phases 2H and

dCs, we calculated a larger rate constant 4 at the surface (Figure BS7), evidence of a faster
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transformation into non-perovskites. In addition, areas with more charging were observed by
scanning electron microscopy (Figure BSS8), suggesting the formation of new phases. The
UV-VIS spectroscopy shows a larger bandgap for the CsFA film after H,O/Air exposure,
which may be due to the absorption from the 2H phase (Figure BS9).**® The emission
observed from photoluminescence (PL) and carrier lifetime from time-resolved PL (TRPL)

are both reduced, as expected with the conversion to non-perovskite phases (Figure BS9).

5.2 Surface Chemistry

To investigate the chemical changes at the surface, we performed X-ray photoelectron
spectroscopy (XPS) of the CsFA films without exposure and after H;O/Air exposure (Figure
5.2). After exposure to H,O/Air, the N 1s peak (Figure 5.2A, CsFA) decreases by 5.6 % in
atomic content (Tables BS2-3), evidence of the FA" volatility, as the N 1s peak corresponds
to the C=N bond of the FA.* The I 3d peak from iodine decreases by 11.4 % atomic content
after exposure to H,O/Air (Figure 5.2B, CsFA), suggesting the loss of FAT at the surface and

the additional loss of iodine."™'®

The exposute of CsFA films to H O/ Air influences the oxygen signal. An increase in
the O 1s peak signal is observed after exposure (Figure 5.2C), corresponding to an 18 %
atomic content (Table BS3). The O 1s peak (Peak 1) is centered at 532.3 eV, suggesting the
existence of adsorbed O, molecules.” Peak 1 may be attributed to the formation of hydroxides
(OH) or carbonates (CO3) expected from the exposure to H;O/Air."” The C 1s peaks also
suggest catbon-oxygen complexes such as catbonates after H,O/Air exposure (Figure
BS10).” The peak assigned to C-C or C-H bonds increases after H;O/Air exposure, possibly
from atmospheric contamination (Figure BS11). Figure 5.2C also shows a small Peak 2,

centered at 530.4 €V, suggesting the formation of Pb-oxides.” Figure 5.2D summarizes the
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changes in the atomic ratio of iodine, cesium, nitrogen, and oxygen compared to Pb on CsFA
films after H,O/Air exposure, showing the volatilization of nitrogen and iodine, and an

increase of oxygen content.

To further understand the chemical sutface species after H,O/Air exposure, we
deposited FAI and Pbl, thin films and characterized their surface chemistries by XPS (Figure
5.2 FAI Pbly, and Figures BS12-13). After HO/Air exposure, the FAI films show a decrease
of the atomic content from the N 1s and I 3d, confirming the volatilization of FAI (Figure
5.2A,B FAI, and Tables BS4-5). An expected increase in the intensity of the O 1s peak is
observed on the FAI films (Figure 5.2C, FAI). The FAI films without H,O exposure show
an O 1s peak centered at 532.8 ¢V in Figure 5.2C (FAI), suggesting that atmospheric H,O
and O, molecules are adsorbed on FAI films when the samples are mounted in the XPS,
confirming the high hydrophilicity of FAIL. The deconvolution of the O 1s peak shows a
second peak (Peak 2) centered at 530.8 eV, indicating that this peak may result from FA
exposure to ambient conditions. Therefore, the O 1s Peak 2 in Figure 5.2C (CsFA) can be
attributed to either Pb-oxides and to I or FA-oxides. In contrast, the Pbl, films before and
after HO/Air exposure do not show changes in Pb 4f (Figure BS13) or I 3d (Figure 5.2B,
Pbl), and there is no oxygen from the O 1s spectra (Figure 5.2C, Pbl, and Tables BS6-7).
Analyzing the chemistry changes in the bulk, X-ray fluorescence (XRF) elemental mapping
also shows the loss of iodine after H,O/Air exposure (Figure BS14), agrecing with the XPS
results (Figure 5.2B). Fourier transform infrared spectra (FTIR) showed no oxygen in the
vibrational modes of CsFA powders and films (Figures BS15-16, Table BS8). Thus, we are
confident that the H,O/Air-induced CsFA phase transformations begin at the surface through

oxygen interactions with the perovskites.
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Figure 5.2 Surface chemistry by XPS. XPS spectrum of the peaks: (A) N 1s, (B) I 3d, (C) O 1s of CsFA
perovskite, FAI, and Pbl, films w/o and after H,O/Air exposutre. For the CsFA perovskite films, panel
(D) Atomic ratio of Iodine (I), Cesium (Cs), Nitrogen (N, FA), or Oxygen (O) normalized to lead (Pb),
w/o and after HyO/Air exposure. CsFA perovskite films without (w/0) H,O exposute (green) were
fabricated in a nitrogen glovebox and exposed to room atmosphere while mounting the XPS
measurement. CsFA films after HO/Air exposure (blue) were fabricated in a nitrogen glovebox,
exposed to humidity, and then measured.

5.3 Chemical Reaction Mechanism

Previous studies have suggested adverse effects of HoO on lead-iodide perovskite surfaces

leading to the degradation of the material.**'""'*>""! Molecular dynamics simulations of
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MAPbI;/H,O interfaces have shown the fast dissolution of MAI-terminated surfaces, as HO
molecules break the bond between surface I and underlying Pb** ion resulting in the removal
of I, accompanied by the desorption of the MA™."**!”* Despite FA being less polar than MA,"
the same mechanism is expected to occur on FAl-terminated surfaces. Previous results
showed the dissolution of FAPbI; with water vapor,'” explaining the release of I and FA"
from the CsFA perovskite surface' and within the FAI films (Figure 5.2A,B,D) after
exposure to HO/Air."” The removal of CsI or FAIleads to a Pbl,-terminated surface that is

more resistant to degradation by water alone.'®

To understand the phase transformation mechanisms, we performed DFT calculations
on the interactions of oxygen molecules with the Pbl,-terminated CsFA perovskite surface
(Figure BS17). The O, adsorption is favored at the Pbl,-terminated surface (E.a = -0.03 to -
0.22 eV, Table BS9) compared to a CsFAI-terminated surface (E.s = 0.06 to 0.36 eV, Table
S10), while HO may further support O, adsorption. Note that the Pbl,-terminated surface is
made of undercoordinated Pb**, which makes it more hydrophilic than the hydrophobic Pbl,
crystal phase (Figure 5.2C) made of fully coordinated Pb*"."” The direct formation of PbO
units from the adsorption of O, appears thermodynamically unfavorable, with reaction
energies of +1.09 eV (Figure BS18). Therefore, we consider the oxidation of iodide ions on
the surface by Ozas the starting point, modeled by reaction 1 (Equation 9). Here, surface iodide
changes its oxidation state from -1 to positive values (-1 + 2Xn) while oxygen atoms are in
their stable -2 oxidation state. We observe that, as previously suggested,” oxygen breaks the
Pb—I bonds at the surface, forming a Pb—O-I.—I" bond network, where I is the oxidized

iodine and I"is a surface iodide in its negative charge state as shown in Figure 5.3A.

n
[+ EOZ — 10; [Reaction 1] (10)
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Our calculations show positive reaction energies for the formation of hypoiodite (IO
) and periodate 1O4) of 0.13 and 0.14 eV, respectively, while iodite (I05) is slightly favored
by -0.05 eV. Notably, iodate (I0s) with iodide in its +5-oxidation state is strongly
thermodynamically favored with a formation energy of -0.97 eV, indicating an irreversible
surface degradation. From 105" in reaction 2 we consider the formation of lead (II) iodate,
Pb(I0s3)s, at the surface (indicated by *) by oxidizing two adjacent iodide ions sharing bonds
with the same Pb surface ion. The formation energy of surface Pb(I1O;), is AE=-1.19 eV
(Figure 5.3B), which suggests a thermodynamically favorable replacement of a surface Pbl,
unit. Finally, in reaction 3, we compute the removal of surface Pb(IO3),leaving a Pbl, vacancy
(Figure 5.3B)."”” We predict an energy of -0.77 eV for reaction 3, significantly more favorable
than the direct removal of a Pbl, unit from a non-oxidized surface (AE = 0.07 eV, Figure
BS19).

Pbl; + 3 X 0, — Pb(I03)5 [Reaction 2] (11)

Pb(I03); — Pb(I03); + Vpp;, [Reaction 3] (12)
We note that the interaction of O, with water molecules lowers the 7* orbitals of O, acting as
accepting orbitals in oxidation reactions (Table BS10), while hydration of perovskite surfaces
raises the energies of the iodide-based valence band edge (Figure BS20), which results in
more facile oxidation of surface iodide. These results suggest that O, can modify Pbl»-
terminated surfaces by oxidizing iodide to iodate species and creating Pbl, vacancies. These
vacancies may allow H,O molecules to enter the structure and dissolve the next FAI layers in

an iterative process.

102



A 10~ 10, 10, 10,

AE =+0.13 eV AE =-0.05eV AE =-0.97 eV AE =+0.14 eV

Pb(10;), V pul,
AE =-1.19 eV

Figure 5.3 DFT calculation of iodide oxidation and superoxide formation on the perovskite surface.
Panel (A) visualizes the formation of IO, species upon oxidation of surface iodide ions [Rx. 1]; from
left to right: hypoiodite, IO-; iodite, 10> iodate, 103 and periodate, I04-. All oxidized species are
explicitly highlighted, and reaction energies are given (see computational methods for details). (B)
Reaction mechanism [Rx. 2 and 3] of (left) lead (II) iodate, Pb(I10;3);, formation by consumption of
oxygen molecules, and (right) removal of Pb(I03); resulting in a surface vacancy Vppr2. The following
color code is used for the atomic representations: purple, I; cyan, Pb; blue, N; green, Cs; gray, C; white,
H; red, O.

Our experimental and theoretical analyses suggest that first, the HO/Air atmosphere
dissolves the surface of CsFA perovskite and causes a loss in FA at the surface, likely increasing
the relative amount of Cs relative to FA. Previous studies have shown that the CsFA
perovskite phase becomes thermodynamically unstable when exceeding a Cs fraction of 0.2
(FA below 0.8).”** We note that the studied composition of Cso.17FAos; is on the upper limit
of Cs-molar content to form a single-phase perovskite.'””* The loss of FAI may easily shift the
composition into the thermodynamically unstable phase by increasing the ratio between

Cs:FA, favoring the segregation into non-perovskite phases. Iodide vacancies created by H.O

103



may further accelerate the phase transitions."®" Additionally, previous studies have highlighted
the role of superoxide on perovskite degradation under light irradiation.”"*”'®'"” Room light
during the zz-sitn GIWAXS measurements can only lead to a negligible amount of free charge
carriers (Figure BS21), likely insufficient to create a superoxide. However, under light
irradiation, reactive superoxide species may accelerate perovskite phase transformations in

H>O or dry air (discussion in Appendix B.6.5, Figures BS22-25).

Css17FAgs
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Figure 5.4 Sutface and bulk mechanism when CsFA is exposed to H;O/Air. (I) H,O is adsorbed on the
CsFA surface, promoting the loss of FA and I (g). Surface vacancies are created leading to preferential
oxygen binding sites, favoring the oxidation of iodide and energetically favorable (II) formation of
Pb(I03)2, which will (IIT) create a Pbl; vacancy. Surface vacancies and the loss of FAI will lead to faster
phase segregation and (IV) phase transformations from mixed-cation perovskite into single-cation non-
perovskite phases.

A proposed mechanism for the role of chemistry on phase transformations during
exposure to HO/Air is shown in Figure 5.4. First (I), water molecules dissolve FATI at FAI-
rich perovskite surfaces, creating Pbl,-rich surface regions. Second (II), O, molecules are

adsorbed and oxidize surface iodide, resulting in iodate species at the surface. Third (I1I), lead
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iodate can subsequently leave the surface, leaving Pbl, vacancies on the surface, which act as
hotspots for further FAI dissolution by H>O. Fourth (IV), the loss of FA changes the Cs:FA
molar ratio beyond the thermodynamically stable region, forming single-cation non-perovskite
phases. We emphasize that the structural phase transformations in H,O/Air are initiated at
the surfaces. Thus, chemical surface treatments, such as reducing undercoordinated Pb ions

at the surface, should reduce interaction with H>O and Oy, likely improving phase stabilization.

5.4 Conclusions

Exposing mixed-cation CsFA perovskites to H,O/Air leads to undesired structural phase
transformations, unlike the slower degradation observed in H.O/N; and litde to no
degradation in dry air. When exposed to HoO/N,, the CsFA perovskite degrades slower by
dissolving FAI molecules from the surface. However, in the presence of both H,O and air,
after the dissolution of the FAI molecules, O; from air oxidizes surface iodide ions, forming
lead (II) iodate, which is a volatile species. This further causes the formation of Pbl, vacancies,
which act as hotspots for H>O to enter the structure and dissolve more FAI molecules. This
results in the loss of FAI molecules in an iterative process. This alteration in the local Cs:FA
ratio goes beyond the energetically stable region, leading to a thermodynamic force that drives
the phase transformation from perovskite to non-perovskite phases. This phase
transformation process starts at the surface, where H,O and O react with surface ions. Our
fundamental understanding of z#-situ structural phase transformations at the bulk, coupled with
insights into surface chemistry and reaction mechanisms provides a foundation for designing

durable and efficient solar cell materials.

105



CHAPTER 6. PREVENTING PHASE TRANSFORMATIONS IN

HALIDE PEROVSKITES

This chapter is based on the following articles:

“Bulky Cation Hinders Undesired Secondary Phases in FAPbI; Perovskite Solar
Cells”, Accepted to Materials Today, 2023, by Juanita Hidalgo, Lahoucine Atourki, Ruipeng Li,
Andres-Felipe Castro-Mendez, Sanggyun Kim, Emmet A. Sherman, Alexander S. Bieber,
Meng-ju Sher, Lea Nienhaus, Carlo A.R. Perini, Juan-Pablo Correa-Baena.

“Synergistic Role of Water and Oxygen Leads to Degradation in Formamidinium-
Based Halide Perovskites”, Manuscript under review, 2023, by Juanita Hidalgo, Waldemar
Kaiser, Yu An, Ruipeng Li, Zion Oh, Andres-Felipe Castro-Mendez, Diana K. LaFollette,
Sanggyun Kim, Barry Lai, Joachim Breternitz, Susan Schorr, Carlo A.R Perini, Edoardo
Mosconi, Filippo De Angelis, and Juan-Pablo Correa-Baena.

“Br-Induced Suppression of Low-Temperature Phase Transitions in Mixed Cation
Mixed Halide Perovskites”, Under Preparation, 2023, by Juanita Hidalgo, Joachim
Breternitz, Daniel Toebbens, Juan-Pablo Correa-Baena, Susan Schorr.
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The major drawback to the commercialization of PSCs is their lack of long-term stability.
Especially, the instability of the perovskite phase is detrimental to the device’s performance.
The first PSCs were fabricated using MAPbI;'%; however, due to the low thermal stability of
the MA cation,' and ease to humidity and photodegradation of this material,**'** the
durability is in the range of hundreds of hours without encapsulation methods."” Different
approaches have been made to improve structural and performance long-term stability in
LHPs. As mentioned in earlier chapters, mixing A-site cations and X-site halides has been
widely used to improve the stability of these materials, leading to the complete replacement of
the MA cation by FA. FA has shown better thermal stability than MA, but the structural phase
stability is still an issue (Chapter 2, Polymorphism). This chapter investigates two strategies
to stabilize the FA-based perovskite phase. First, a phenyl bulky salt, phenethylammonium
iodide (PEAI), is investigated as a hydrophobic protection layer by forming a low-dimensional
(LD) RP phase structure on top of the 3D FA-based LHP. Second, this chapter studies the
effect of adding Cs and Br into FAPDbI; on the stability of the perovskite phase by analyzing

the structural phase transitions at low temperatures.

6.1 The Role of PEAI

Low dimensional (LD) Ruddlesden-Popper structures or bulky cations have been added to
the surface of 3D lead halide perovskites (LHPs) to improve the stability and efficiency of
perovskite solar cells (PSCs).*"*"” These bulky cations create a thin LD layer on the surfaces

9> 204

known as the “capping layer”,*” which can improve the moisture resistance*>*"

and reduce
non-radiative recombination at the interfaces, ultimately increasing the solar cell’s power
conversion efficiencies (PCE).”"**"""” However, most studies have only focused on the crystal

structure of the LD layer and neglected the changes induced at the surface and bulk of the 3D
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film, which is crucial to understanding how these surface treatments lead to improved

performance in PSCs.

To create LD structures on the surface of 3D LHPs, bulky organic cations such as
phenethylammonium (PEA™) and butylammonium (BA™) have been used.”"?"" These cations
are hydrophobic and moisture-resistant, which can provide stability to the LHP and
interfaces.”"?"*!* Bulky cations also reduce the polar surface on LHP, improving moisture
resistivity.”>*” In addition, these LD structures can reduce the non-radiative recombination
at interfaces by preventing recombination, boosting the fermi-level splitting and open circuit

voltages (Vo) in PSCs. 272

While the LD-3D capping layer improves some optoelectronic properties, the 3D
LHP primarily absorbs and transports charge carriers in PSC.*" Formamidinium lead iodide
perovskite (FAPbIs, FAPI) is an excellent candidate as the bulk 3D film due to its bandgap of
around 1.48 eV, which helps maximize the potential PCE to be extracted in a single-junction

solar cell.?®

However, the FAPI perovskite cubic phase is unstable, given that at room
temperature, it quickly transforms into the non-perovskite hexagonal phase known as 2H.*">?'¢
Different additives have been used to stabilize the FAPI perovskite cubic phase and achieve

206,217-21

high efficiencies, such as Cs. ’ However, the role of treated interfaces with bulky cations

in stabilizing the FAPI perovskite, without additives, is not well understood.

Herein, we investigate the effects of adding a LD PEAI layer into a pure FAPI and
mixed-cation CsFA perovskite to understand how the LD capping layer alone is responsible
for enhanced perovskite phase stability and PCE. First, to analyze the pure FAPI, we use
synchrotron-based GIWAXS, time-resolved photoluminescence (trPL), and time-resolved

THz spectroscopy (THz) to study the impact of the capping layer on the structure and carrier
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dynamics. We reveal how the bulky cation hinders the structural conversion of the cubic
FAPDbI; perovskite into non-perovskite phases both on the surface and in the bulk. We
fabricate FAPI solar cells with and without a PEAI capping layer and measure the photovoltaic
parameters. Adding 5 mg/mL of PEAI on top of the 3D FAPI prevents the formation of
undesired non-perovskite phases and improves solar cell performance. While our study
analyzes the structure at the surface and bulk of FAPI treated with PEAI the same analysis
can be applied to other bulky cations and LHPs to improve performance and phase stability
by tailoring the device interfaces. Second, to analyze the mixed-cation CsFA, we also show
that surface treatments using a hydrophobic top layer of PEAI effectively stabilize the surface,
resulting in strongly increased perovskite phase stability when exposed to H,O and air. Solar
cells made of CsFA-PEAI films have stable power conversion efficiencies even after exposure
to HO and air. Our study provides structural and atomistic insights into the CsFA perovskite
phase instability under humid air conditions and derives surface passivation strategies to

stabilize the perovskite phase for stable and efficient solar cells.

6.1.1 PE.AI on Pure FAPI

We study the effect of a LD capping layer on the structure at the surface and bulk of FAPI.
As shown in Figure 6.1A, we first deposit FAPI by spin-coating and annealing the films at
150 °C to form a black cubic FAPI perovskite (structural details in Chapter 3). In the second
step, the PEALI is added via dynamic spin-coating 1 mg/mL or 5 mg/mL of PEAI in 2-
propanol. We suggest that adding PEAI will form a LD capping layer, as shown in the
schematic of Figure 6.1B. For PEAI the LD layer is expected to be a RP phase, an array of
corner-sharing octahedra divided by the bulky cation PEA with the chemical formula

PEA,Pbly. The influence of the structural changes of the LD-3D FAPI on solar cell
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performance is evaluated by fabricating n-i-p devices with the architecture shown in Figure

6.1C.
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Figure 6.1 FAPI-PEAI experimental design. (A) Schematic representation of the preparation of PEAI-
treated FAPI films by spin coating PEAI as a post-deposition process after FAPI annealing. (B)
Schematic showing the suggested structure at the surface and bulk after PEAI deposition into the 3D
FAPI perovskite. (C) The solar cell device architecture adopted in this study.

Surface engineering in LLHPs has contributed to the rapid development of PSCs.**

Interfacial treatments have improved surface defect passivation in PSCs. However, surface
treatments can also impact the structure of the bulk, which is often neglected. Therefore, it is
important to study structure-property relationships at the surface and in the bulk in LHP films
treated with LD layers. Using GIWAXS it is possible to obtain crystallographic information
from the surface and the bulk. By measuring GIWAXS with different X-ray incident angles

(a;), we can tune the X-ray penetration depth as discussed in Chapter 3 (Figure 3.5).* For

110



an incident 13.5 keV X-ray, and FAPI films, @; = 0.05° penetrates around 3 nm and a; = 0.5°
around 225 nm. Given that the FAPI films have a thickness of approximately 500 nm, we

probe the surface for a; = 0.05° and the bulk for a; = 0.5°.

6.1.1.1  Structural Analysis: Surface vs. Bulk

First, we analyze the structure of the untreated FAPI films in Figure 6.2. In the 2D GIWAXS
in Figure 6.2A, the Debye-Scherrer rings of the perovskite phase have a high intensity and
some brightness variations throughout the ring, revealing a random orientation in the surface
and bulk. To ease comparing the presence and ratio of crystallographic phases in the film, the
2D GIWAXS pattern is integrated to obtain a 1D circular average diffraction pattern (Figure
CS1). We subtract the amorphous background from the circular average patterns and
normalize the diffraction data with the 100 cubic FAPI peak at ¢, = 1 A" in Figure 6.2B.
From a detailed phase analysis, most of the peaks in the diffraction pattern correspond to a
cubic FAPI perovskite, both at the surface and bulk (Figure CS1). Additionally, in Figure
6.2B we observe diffraction peaks below ¢, = 1 A' corresponding to secondary FAPI
hexagonal polytypes from ¢, = 0.75 A" to ¢, = 0.95 A" (simulated diffraction patterns in
Figure CS2).””' The most common and predominant FAPI hexagonal polytype is 2H.*"> The
2H 110-peak at ¢,- 0.85 A" in Figure 6.2B shows a higher relative intensity at the surface than
in the bulk, indicating a larger presence of the 2H at the surface. At the bulk, the (110) plane
of the non-perovskite 2H phase shows preferential orientation perpendicular to the surface.
Additional peaks appear in the diffraction pattern of FAPL at ¢, = 0.82 A'and ¢, = 0.91 A™.
We suggest that these two peaks correspond to the formation of other hexagonal polytypes
different than 2H (labeled “H”), such as 4H or 6H.** However, not all the peaks from the

simulated patterns of 4H and 6H are present. Hexagonal polytypes have been shown to be
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intermediate phases as the metastable FAPI cubic phase' converts into the 2H phase.”
Therefore, we hypothesize that different hexagonal polytypes of a greater number, up to 11H,
could originate those peaks. In Figure 6.2B, the scattering pattern is normalized to the main
FAPI cubic perovskite 100 peak, given that the signal comes from different probed volumes.
For untreated FAPI films, without the addition of PEAI, there are no peaks from ¢, = 0.25 A°
"to ¢, = 0.5 A in Figure 6.2B, which are assigned to LD PEAI phases. The schematic in

Figure 6.2C summarizes the distribution of the different phases in the film as highlighted by

GIWAXS.
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Figure 6.2 GIWAXS analysis of the untreated FAPI films. (A) 2D pattern at two different incident angles
0.05 ° for the sutface, 0.5 ° for the bulk. (B) circular average showing the ranges where LD PEAI-based,
hexagonal polytypes, and perovskite peaks are expected. (C) Schematic of crystallographic phases
observed at the surface and bulk of FAPI. The legend of the non-perovskite phases is shown in the
schematics. FAPDI; films were exposed to ambient air for measurements.

Having characterized the crystallographic phases in the untreated FAPI layer, we move
to observe the structural changes when treating FAPI with 1 mg/mlL of PEAIL Figure 6.3
shows the structural changes of FAPI coated with 1 mg/mL PEAIL The 2D GIWAXS plots
in Figure 6.3A reveal a random orientation of the perovskite phase in the films. The LD
PEA,PbL, main peak **** is observed from ¢, = 0.25 A to ¢, = 0.45 A" in Figure 6.3B

(simulated structure in Figure CS3). We observe in Figure 6.3B the appearance of PEA,Pbl,
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at the surface but not in the bulk, suggesting that the PEAI combines with Pbls corner-sharing
octahedra to form a LD layer only at the surface. In Figure 6.3B we also observe two low-
intensity peaks corresponding to non-perovskite hexagonal phases. The 2H phase and other
hexagonal polytypes H are visible at the surface and in the bulk. Moreover, in Figure 6.3B,
we observe an additional peak next to the 100 FAPI peak, slightly above ¢, = 1 A, This peak
could correspond to another hexagonal polytype, such as 6H **' (Figures CS2). To
summarize, Figure 6.3C shows the phases in the 3D film treated with 1 mg/mL PEAL A LD
capping layer is formed by adding 1 mg/ml. of PEAI to 3D FAPI. The capping layer hinders

the formation of non-perovskite phases in 3D FAPIL.
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Figure 6.3 GIWAXS analysis of the 1 mg/mL PEAI-treated FAPI. (A) 2D GIWAXS pattern at two
different incident angles 0.05° for the surface, 0.5° for the bulk. (B) Circular average showing the ranges
where LD PEAI-based, hexagonal polytypes, and perovskite peaks are present. (C) Schematic of
crystallographic phases in the FAPbI; surface and bulk. The legend of the non-perovskite phases is
shown in the schematics. FAPbI; films were exposed to ambient air for measurements.

Building on this understanding, we increase the amount of PEAI added to 5 mg/mL
to further prevent the formation of non-perovskite hexagonal polytypes in the FAPI film. The
changes in the structure at the surface and bulk are presented in Figure 6.4. Analogously to
the case of the untreated FAPI and of FAPI treated with 1 mg/mL of PEAI Figure 6.4A
show evidence of randomly oriented FAPI domains in the films treated with 5 mg/mL of

PEAI In Figure 6.4B, we observe the details in the circular average diffraction patterns
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(complete patterns in Figure CS5). In Figure 6.4B, from ¢, = 0.25 A" to ¢, = 0.45 A", we
obsetve a peak corresponding to PEAI at the surface.”” This PEAI layer can contribute to the
passivation of defects, as seen before by Jing et al.*” Lower concentrations of PEAI, such as
1 mg/mlL shown in Figure 6.3, do not show the PEAI peak. The latter is because less amount
of PEALI fully results in full conversion to the LD PEA,PbL,*" whereas higher amounts also
convert to PEA,Pbl, but not completely. In addition, by adding 5 mg/mL of PEAI, we
observe that the LD PEA,Pbl, is visible both at the surface and in the bulk. The presence of
LD phases at the surface suggests a capping layer, as proposed in Figure 6.1B. The scattering
intensity from the non-perovskite peaks, 2H and other H phases, is reduced compared to the
untreated FAPI and FAPI treated with 1 mg/mL of PEAI (Figure 6.2B and Figure 6.3B).
We hypothesize that the PEAI and the PEA,PbI, capping layer prevent the transformation of

the FAPI cubic perovskite into non-perovskite phases, as shown in Figure 6.4C.
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Figure 6.4 GIWAXS analysis of the 5 mg/mL PEAI-treated FAPI. (A) 2D GIWAXS pattern at two
different incident angles 0.05° for the surface, 0.5° for the bulk. (B) circular average showing the ranges
where LD PEAI-based, hexagonal polytypes, and perovskite peaks are present. (C) schematic of
crystallographic phases in the FAPbI; surface and bulk. The legend of the non-perovskite phases is
shown in the schematics. FAPbI; films exposed to ambient air for measurements.

Opverall, we observe that the appearance of secondary hexagonal phases starts at the

surface (Figure CS6). Adding PEAI leads to the formation of a LD capping layer, which
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hinders the conversion into non-perovskite phases in the bulk of the 3D film. When adding 1
mg/mL of PEAI, we observe the formation of a LD capping layer at the surface. However,
when adding 5 mg/mL of PEAI, the bulk is also transformed into a LD-3D, suggesting that
the concentration of PEAI influences the crystal structure of the perovskite material. A higher
concentration of PEAI leads to a more significant crystal transformation of the crystal
structure since more material is added and this I.LD material can diffuse at grain boundaries,””’

forming the 2D-LD in the bulk.

6.1.1.2 Surface Chemistry

To investigate the chemical interaction between PEAI and the 3D perovskite at the
surface, we performed XPS analysis. The C 1s and the N 1s elemental scans reveal the presence
of PEA cations at the surface upon treatment of the FAPI film, accompanied by a decrease in
the Pb 4f signal in Figure 6.5. Figure 6.5A shows the C 1s spectrum of the FAPI perovskite
films, where two major peaks are observed. The two peaks correspond to the C—C (284.8 eV)
and C=N (288.5 e¢V) bonds. The C=N bond indicates the presence of the FA cation, as shown
previously in other works.”*** By adding PEAL, the intensity of the C=N peak decreases, and
the intensity of the C—C bonds increases, indicating the presence of PEA cations at the surface.
From the C 1s XPS spectra, in the PEAI-treated FAPI samples, the co-existence of FA and
PEA agrees with the results from GIWAXS that indicate a 2D-3D mixture at the surface, as
suggested from the structural GIWAXS results in Figure 6.3 and Figure 6.4. In addition,
from the C 1s spectra we observe a third small peak around 287 eV, assigned to a C—N single
bond.” This peak intensity agrees with the amount of PEAI added at the surface, since it is
more evident for 5 mg/mL compared to 1 mg/ml. The C=N (401.5 ¢V) bond, characteristic

of FA, is also observed in the N 1s spectrum of the FAPI films in Figure 6.5B, showing the
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highest intensity in pure FAPI films. As the PEAI is added, the intensity of C=N decreases.
In the N 1s spectrum, we also observe the peak assigned to the C—N (402.5 e¢V) bond, which
is characteristic of PEA. The Pb spectrum (Figure 6.5C) shows the Pb 4f lines at 138.1 and
143 eV. Quantifying all elemental composition at the surface (Table CS1) supports the above
explanation. We analyze the film morphology by SEM (Figure CS7), showing no visible

changes in the FAPI surface when adding PEAL
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Figure 6.5 Surface chemistry by XPS on FAPI films treated with PEAI (A) C 1s, (B) N 1s, and (C) Pb
4f spectra. 1 mg/mL PEAI is labeled “1 PEAI” and 5 mg/mL PEALI is labeled “5 PEAI”. FAPbI; films
were exposed to ambient air for measurements.

6.1.1.3  Optoelectronic Properties

We use photoluminescence (PL) spectroscopy to understand how the optical properties of the
FAPI thin films are affected by the structural changes induced by PEAI (Figure 6.6A). The
untreated FAPI shows broad emission with low intensity in the 500-800 nm wavelength range,
which is expected for a degraded FAPI perovskite after exposure to air.”’ The PL evolution
from nitrogen to air is shown in Figure CS8. After air exposure, it is evident that the broad
emission is a result of degradation (Figure CS9). This degradation corresponds to undesired

hexagonal phases observed in GIWAXS (Figure 6.2). The films treated with PEAI (1 mg/mlL
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and 5 mg/mL) show narrow emission peaks centered around 800 nm. Air degradation is
hindered when the FAPI is covered with PEAIL. Emission in the 1 mg/mL PEAI-treated films
is centered at 797 nm. The position of the PL maximum is at 812 nm in the 5 mg/mL PEAI

samples.

Time-resolved photoluminescence (trPL) was used to measure carrier lifetimes in the
deposited films (Figure 6.6B). Longer carrier lifetimes may be linked to reduced non-radiative
recombination pathways. The relatively fast decay component is commonly assigned to charge
carrier trapping by defects at the surface and grain boundaries of the films.”' The slower decay
components are instead attributed to charge carrier recombination in the bulk.”"** The trPL
of the degraded FAPI is shown in Figure 6.6B. FAPI shows a very fast initial trPL decay,
which is consistent with the presence of secondary phases and with degradation progressing
from the surface. PEAI treated films show slower decays, suggesting reduced defect density

at the sutface of the films. Defect recombination is slowest for the films treated with 5 mg/mL
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Figure 6.6 The effect of PEAI concentrations on (A) PL emission and (B) trPL carrier lifetime. (C)
Chatge catrier mobilities from THz. 1 mg/mL PEAI is labeled “1 PEAI” and 5 mg/mL PEAI is labeled
“5 PEAI”. FAPbDI; films were exposed to ambient air for measurements.
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To study the effect of PEAI addition and annealing on the charge carrier mobility in
the bulk (Figure 6.6C), we performed the carrier transport measurements using time-resolved
THz spectroscopy (Figure CS10). Upon excitation, the change of THz transmission (AT)
reflects the photoconductivity of the sample. AT increases with excitation fluences because of
the higher excited carrier density and hence higher photoconductivity. At even higher
excitation densities, carrier-carrier interactions reduce the measured carrier mobility and
enhance higher-order recombination processes (bimolecular and Auger recombination). We
use the THz transmission change at # = 0 and assume that the density of charge carriers is
equal to the density of the absorbed photons (roughly 1 X 10" cm™ at the lowest laser fluence).
We calculate the carrier mobility using Equation 13, where fiy, is the carrier mobility at THz
frequencies, Ty is the initial THz transmission through an unexcited film, Zy = 377 (2 is the
impedance of air, Nppoton 1s the incident photon flux, ¢ is the elementary charge, 7sio2 is the

index of refraction of the quartz substrate at THz frequencies.233

—AT Z, (13)
u =
Tz TO Nphoton q (1 + nSiOZ)

The THz photoconductivity measurements show that an untreated FAPI film suffers
from lower charge carrier mobilities than those samples treated with PEAI (Figure 6.6C).
FAPI films exhibit mobilities calculated to be around 16 cm?/(V's). The catrier mobility of
the untreated FAPI sample is lower than other literature reports,”** but we note that THz
mobility is a strong function of excited laser power and that due to the unstable nature of
FAPI, some degradation could occur in the measurement. Upon addition of PEAI, the carrier
mobility at the lowest excitation fluence increases significantly by 31% and 42% for the 1
mg/mL and 5 mg/mL PEAI samples, respectively. The highest mobility measured in these

samples is for FAPI treated with 5 mg/mL PEAI sample at 22.5 * 0.3 cm®/(V"s). This dataset
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shows that the PEAI addition at 5 mg/mL helps retain the improved electronic propetties

provided by passivation.

6.1.1.4 FAPI Perovskite Solar Cells

To understand the effect of PEAI addition on the performance of a complete solar cell, we
fabricated devices based the architecture in Figure 6.1C. The Voc and PCE for the treated
and untreated devices are summarized in Figure 6.7A,B. The Voc increases from an average
of 0.99 V, for the untreated FAPI to an average of 1.08 V for all PEAI-treated devices. Based
on the data discussed above, most of the improvements seen in Voc may be due to the
structural preservation of the FAPI perovskite phase with PEAI deposition. However, it is

also possible that defect passivation is occurring concurrently.”> >
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Figure 6.7 FAPI Solar Cells. (A) Open circuit voltage (Voc) and (B) PCE for solar cells with FAPI
untreated and treated with PEAI. The data points are plotted in boxplots which show the median
(central line) and the lower and upper quartiles (25% and 75%) (bottom and top lines of the box,
respectively). (C) J-V curves of a high-performing device of the FAPI untreated and treated with 5
mg/mL of PEAI FAPbDI; films wete exposed to ambient air for measurements.

The Jsc and FF increased on average from 22.6 mA/cm? and 65.3%, respectively, when
untreated FAPI, to 23.11 mA/cm® and 66.5% when treated with 5 mg/ml. of PEA (Figure

CS11 and Figure CS12 for 10 mg/mL). The increased Jsc and FF are consistent with hindered
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degradation of FAPI into the 2H phase and enhanced mobilities (see THz in Figure 6.6C).
The highest Voc obtained in this work was 1.14 V via 5 mg/mL of PEAI added, around 91%
of the Shockley—Queisser limit Voc (1.25 V). The best device in this work had an efficiency of
20.2 % and stabilized PCE of 19.0 %, which is among the highest reported PCE for pure
FAPI solar cells.” The J-1” curve of the highest efficiency device treated with 5 mg/ml. of

PEAI, compared to the untreated FAPI is shown in Figure 6.7C.

6.1.2  PEAI on CsEA Improves H,O Stability

In Chapter 5, I studied the mechanism of the undesired phase transformations of the (Csoi7
FAos3)Pbl; (CsFA) perovskite under H,O and air exposure. In this chapter, to understand the
role of surface blockers, capping layers, or surface passivators on phase transformations at the
interface under H.O exposure.””** We evaluate the effect of 5 mg/mlI. PEAI spin coated on
a CsFA perovskite film (PEAI-treated).”>” DFT calculations show a substantial reduction in
H,O adsorption energies at the aromatic PEA (Figure 6.8A), resulting in hydrophobic

protection that can reduce the dissolution of FAI-rich surfaces (Figure CS13).

We analyzed the structural phase transformations by m-situ GIWAXS in H,O/Air
(Methods in Chapter 3). Figure 6.8B shows the peak evolution of the main perovskite (i.e.
B-CsFA) and non-perovskite phases (i.e. 2H and 8Cs) as a function of exposure time to
H,O/Air. The main 110 B-perovskite peak does not change in H,O/Air after 600 min of
exposure, suggesting that the PEAI layer prevents HO and O; interaction at the surface
compared to the untreated films in H,O/Air (Chapter 5, Figure 5.1B,C). Films treated with
PEAI show a slight presence of 2H phase (Figure 6.8B), which decreases as a function of

time (Figure CS14). The 8Cs phase forms when exposed to H:O/Air, but three times slower
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than the untreated films (Chapter 5, Figure 5.1C) when comparing the rate constant &

(Figure CS15). Figure 6.8C shows the 2D GIWAXS after the final exposure to H,O/Air.
For the PEAI-treated films, the B-perovskite 110 Debye Schetrer ring has a high intensity at

the bulk and surface. We also observe rings that we assigned to low-dimensional (LD) PEA

phases, as expected.”” The pristine CsFA films in Figure 6.8C show that the primary phases

non-perovskites 2H and 8Cs.
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Figure 6.8 PEALI layer to stabilize the CsFAPbI; (CsFA) perovskite in H;O/Air. Panel (A) shows H,O
adsorption energy on a CsFA surface and CsFA-PEAI surface calculated by DFT. From GIWAXS
measurements in Figure CS14, (B) is the integrated area of the main scattering peak of each phase in
H,;0/Air, and (C) the 2D GIWAXS pattetns from the surface and bulk measurements after 600 min
exposed to H;O/Air for the (left) PEAI-treated CsFA films, and (right) untreated-CsFA.
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We assessed the long-term stability under operating conditions of solar cells under one
sun illumination in dry air (Figure 6.9D). Our results show an 85% decrease after 13 hours in
the untreated film solar cells. The PEAI-treated solar cells decreased only 30% from their
initial PCE after 25 hours, showing a slower degradation, which further suggests an increased
robustness to the exposure to HO/Air (Figure CS18). In contrast, the solar cells exposed to
dry nitrogen showed no degradation (Figure CS19), suggesting that oxygen in air is key to the

degradation of the solar cells.
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Figure 6.9 The effect of PEAI layer on perovskite solar cells with (A) n-i-p architecture. We evaluated
the solar cell performance. Panel (B) shows the current density-voltage curve and stabilized PCE of a
high-efficiency device, and (C) shows the statistics of the PCE in box plots for the CsFA-untreated and
PEAI-treated, w/o and with H,O exposure. The inset pictutes show the device after H,O/Air exposute
before depositing the Spiro-OMeTAD and Au layers. We evaluated the long-term stability by tracking
the maximum power point of 16 devices under the stress of one sun and constant electrical
measurement. We plot (D) the average and normalized power, equivalent to PCE, of the measurements
done at 25 °C, dry air, and one sun illumination.

122



6.1.3  The Role of PEAI Conclusions

In summary, Chapter 6.1 examined the role of bulky PEAI interacting with the FAPI and
CsFA perovskites at the surface and bulk. On pure FAPI, we found that by adding 5 mg/mL
of PEAI, a thin capping layer forms on top of the FAPI perovskite that improves the efficiency
of the perovskite phase and reduces the formation of non-perovskite hexagonal phases. Non-
perovskite phases have been correlated to poor optoelectronic properties, lower device
performance, and a decrease in performance. The increased charge carrier mobility and
lifetime observed with the addition of PEAI are linked to the improved perovskite phase purity
of FAPI, as shown through structural phase analysis using GIWAXS. Increasing the amount
of PEAI deposited at the surface can enhance the stability of the surface treatment. Adding a
thin capping layer has been demonstrated to improve the open-circuit voltage (Voc) and
efficiency of FAPI solar cells. Later, we 5 mg/mL of PEAI into another type of perovskite, a
mixed-cation CsFA. In this case, we also use the PEAI hydrophobic layer for surface
passivation, preventing structural phase transformations and maintaining solar cell
performance even after exposure to H,O and air. The fundamental understanding of 7n-situ
structural phase transformations at the bulk, coupled with insights into surface chemistry and
reaction mechanisms provides a foundation for designing durable and efficient solar cell

materials.

6.2 The Role of Br at Low Temperatures

Mixed-cation mixed-halide lead halide perovskites (LHP) have emerged as promising materials
for solar energy conversion.” Specifically, formamidinium(FA)-rich compositions have
demonstrated higher thermal stability and an optimal bandgap for single-junction solar cells."

Compositional mixing has been employed to achieve optimal optoelectronic properties and
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stability.'*">* However, it is crucial to unravel the structural phases across a wide range of
operating temperatures, including very low temperatures relevant to space applications, to
ensure the proper functioning and stability of these materials. The most common and efficient
compositions include mixing cesium (Cs) and FA in the A-site, as well as iodine (I) and
bromine (Br) in the X-site, resulting in (Cs,FA)Pb(I,Br); LHP compositions. A knowledge gap
exists on a complete phase diagram for both mixed-cation and mixed-halide compositions. In

this work, we aim to construct a low-temperature phase diagram for (Cs,FA) mixed halide

(IBr) lead perovskites.

Previous studies have reported low-temperature phase diagrams for single-ion
compositions such as FAPbI;" CsPbls,**! FAPbBr3,° and CsPbBr3.*** Generally, perovskites

exhibit a cubic (o) phase at high temperatures above a certain threshold. As the temperature
decreases, the perovskite structure undergoes phase transitions from cubic to tetragonal ()

and then from tetragonal to orthorhombic (y). Phase diagrams have also been studied for
single-cation/mixed-halide or mixed-cation/single-halide compositions. For instance,
Leheman et al. investigated and presented the temperature phase diagram for MAPb(I,Br)3
compositions, highlighting the two phase transitions.*” Nasstrom et al. reported the high-
temperature phase diagram for CsPb(I,Br)s, observing different phase transitions during
heating and cooling.” Other studies focused on the phase diagram for the mixed-cation
(Cs,FA) iodide-based perovskite, revealing a solubility limit of the Cs:FA ratio to form a pure
perovskite phase.”> The phase transitions of cubic-tetragonal-orthorhombic wete reported

for (Cs,FA)Pbl; compositions.

In the case of pure Br compositions, it has been demonstrated that Cs substitution in

FAPDBBr; perovskite suppresses the orthorhombic phase transition by revealing a geometric
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frustration associated with the orientations of FA molecules.** The suppression of the
orthorhombic phase has also been observed in mixed cation MA-dimethylammonium (DMA)
lead bromide perovskites (MA,DMA)PbBr;.**** This suppression was attributed to the
greater disorder of the organic cations in the mixed samples, leading to higher symmetry and
less distortion of the inorganic framework. The improved structural stability also enhanced
their photodetection capabilities.”** Despite the knowledge from studying phase transitions in
various cation and halide combinations, a complete structure phase diagram for the widely-

used and highly efficient LHPs (Cs,FA)Pb(I,Br)s is still lacking.

Herein, we study the structure of FA-based LHP compositions Cs,FA1Pb(Br.li); by
a low-temperature zn-situ synchrotron powder X-ray diffraction (XRD) at temperatures ranging
from 300 K down to 23 K. The focus was on FA-rich and I-rich compositions to maintain a
low bandgap suitable for single-junction solar cells. Findings reveal that as Br replaces I in the
mixed-cation LHP compositions, the orthorhombic phase transition is suppressed.
Additionally, the inclusion of Br eliminates secondary non-perovskite phases. We construct
three halide-dependent temperature phase diagrams for different Cs concentrations,
demonstrating that adding Br stabilizes the higher symmetry perovskite structure and prevents
the formation of non-perovskite phases. This fundamental understanding of the structure
provides a basis for designing and developing more resilient and efficient materials capable of
functioning under a wide range of extreme temperature conditions. Understanding the

material’s structure across the entire temperature range is paramount.

6.2.1  Properties and Structure at Room Temperature and 300 K

To investigate the low-temperature phase transitions for different FA-based lead halide

perovskite (LHP) compositions, we selected a mixed-cation and mixed-halide compositional
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space by adding Cs as A-site cation and Br as X-site halide, resulting in the compositions
Cs,FA1,Pb(Br.di.)3 shown in Figure 6.10A. The low-temperature phase transitions for the
LHP compositions were analyzed by cooling down the powders from 300 K down to 23 K.
The studied compositions were selected to keep an FA-rich composition with an ideal bandgap
for single-junction solar cells.""*" The lower limit of Cs and Br was 5 % molar. The selected
upper limit for Cs was 17 % molar, given that it is known that its thermodynamic limit to form
a single-phase perovskite, when mixed with FA, is around 20 % molar. Some studies have
shown this limit is around 20 %,* while others have reported this value to be less than 15
%.>*?**" Therefore, we chose 17%, targeting a single-phase perovskite formation. The upper
limit chosen for Br was 17 %, keeping an I-based composition and equaling the maximum
added percent of Cs. We synthesized the powders by evaporating the solvents from a

precursor solution in gamma-butyrolactone (GBL) and dimethyl formamide (DMF) with a
volume 2:1 between the solvents, respectively. The evaporation was catried out at 170 °C for

two hours, and the powders were then ground for analysis.

To analyze the optoelectronic properties of the synthesized materials, we measured
UV-VIS absorption spectroscopy (at room temperature), from which we employed the tauc-
plot method to calculate the optical bandgap (Figure CS20).'"" Figure 6.10B shows the
optical bandgap calculated for every studied composition. The lowest experimental bandgap
is 1.42 eV for the pure FAPbI;, which is close but lower than other reported values from
calculations (1.51 eV).” This confirms the ideality of the FAPbI; bandgap as it absorbs in the
range to achieve the maximum theoretical power conversion efficiency for single-junction
solar cells according to the Shockley-Queisser limit."" However, pure FAPbI; is unstable at

room temperature in an ambient atmosphere, transforming fast into a yellow powder with a
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hexagonal structure, identified here as 2H. For this reason, pure FAPbI; is not further analyzed

in this work. The bandgap increased as Cs and Br were added to the FAPbI; perovskite

(Figure 6.10B).
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Figure 6.10 Mixed-cation and mixed-halide perovskite compositions of study. (A) Selected
compositions to study the in-situ phase transitions from 300 K to 23 K, (B) Bandgap from UV-VIS at
room temperature.

We observe that adding Br increases the bandgap further compared to the Cs addition. It has
been demonstrated that the bandgap and lattice parameters of semiconducting materials
correlate with the effective anion radius of the halides, in this case, Br.”> Whereas the A-site
cation does not participate in the band edge states, it does influence the room temperature
optical properties indirectly through changes to the structure of the octahedral
arrangement.”**** In this work, the largest bandgap of 1.58 €V is observed for the upper limit
of both Cs and Br for the Csi7Bri; composition. We highlight that one of the main advantages
of lead halide perovskites is their property tunability through compositional engineering, as
we evidence here on bandgap tunability when we add Cs and Br. In this case, the range of
studied compositions have a bandgap from 1.43 eV to 1.58 eV, remaining in an ideal range for

high-efficiency single-junction perovskite solar cells.
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To study the structure of these LHPs, we performed powder X-ray diffraction (XRD),
as shown in Figure 6.11A. First, we analyzed in detail the structures at 300 K by Le Bail
refinements (Figure CS21-23, Table CS2), before cooling down the powders. From this
initial analysis, we identified the structural phases present in each composition, as shown in
Figure 6.11B. The structure of the perovskite phase at 300 K corresponds to either a cubic o
phase of space group P»3 (identified as a. and orange square) or to a tetragonal B phase of
space group P4/mbm (identified as B and a green rectangle). For compositions without Br,

adding 5 % ot 17 % of Cs to FAPbI; leads to an initial tetragonal B phase at 300 K. Adding

Br to the Csy; perovskite also shows an initial 8 structure. Moreover, adding Br to all the other
studied perovskite compositions leads to a cubic perovskite structure. The structure of pure
FAPbI; has been reported to be cubic a at 300 K."” Replacing the FA in the A-site by Cs tilts
the octahedra, leading to a decrease in symmetry from cubic to tetragonal. However, replacing

the I in by Br on the X-site maintains the cubic structure.

Beyond the perovskite structural analysis, we also identified secondary non-perovskite
phases from the powder XRD patterns. Perovskite phases are defined by their corner-sharing
octahedra, while non-perovskite have either face- or edge-sharing octahedra. In the case of
FAPDI;, the hexagonal structure 2H is a face-sharing octahedra structure with space group
P63/ mme? Pure CsPblsshows a non-perovskite structure thermodynamically stable at 300 K,
adopting an orthorhombic Pua edge-sharing structure known as d¢..”® Mixing FA and Cs has
led to a more stable perovskite phase.”>* However, the single-cation CsPbl; or FAPbI; can
segregate into their non-perovskite phases. Furthermore, there are other numerous
intermediate hexagonal non-perovskite phases between the corner-sharing and the pure face-

sharing, known as 4H or 6H.”** These hexagonal polytypes have been shown to be present
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when having mixed-halide. These polytypes have both some corner-sharing and face-sharing
octahedra in their structure. Analyzing the powder XRD patterns, we observe that initially, at
300 K, some compositions have secondary phases such as hexagonal polytypes (H, hexagons
in Figure 6.11B) and Jc; (triangles in Figure 6.11B). All compositions without Cs (0 %) show
some type of hexagonal polytype, specifically due to their characteristic diffraction peaks

between 8 and 12 © in 20 of the diffraction pattern (Figure 6.11A). Adding 5 % of Cs forms
a secondary phase d¢ without any Br, hexagonal polytypes for 5 % of Br, and no secondary
phases when having both Cs 5 % and Br 10 % and 17 %. Further, all Cs 17 % compositions
show the presence of the ¢, non-perovskite phase (Figure 6.11A). In general, Cs 5 % with Br

10 % or 17 % (CssBri0, CssBri7) are cubic perovskites without any secondary phases.

From the powder XRD at 300 K and the Le Bail analysis, we plot the unit cell volume
in Figure 6.11C. Tetragonal structures have different lattice parameters, « = b # ¢. In the case
for the cubic structure, the lattice parameters are all equal 2 = 4 = ¢ The volume for the
tetragonal structure is significantly larger, given that the value of @ and & is around 8.96 A,
increasing the overall volume of the tetragonal unit cell. For the cubic unit cell volumes, we
observe that the volume decreases as Cs and Br are added. This is in line with what was
expected, given that a smaller size cation, cs, is replacing the larger cation FA. In parallel, the
halide I is being replaced by a smaller ion, Br. Given the replacement by both smaller-size ions,

the overall cubic unit cell volume is expected to decrease.
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Figure 6.11 Structure from powder XRD at 300 K. (A) XRD patterns for different Cs-Br concentrations
for the (Cs,FA)Pb(I,Br); compositions at 300 K and vacuum, (B) Structural phases from Le Bail
refinements, (C) Calculated unit cell volume for the (Cs,FA)Pb(I,Br); compositions at 300 K.

6.2.2  (Cs,FA)Pb(1,Br); Temperature Phase Diagram

A low-temperature phase diagram for the (Cs,FA)Pb(I,Br); compositional space was created
from in-sitn powder XRD by cooling the materials from 300 K to 23 K in steps of 20 K
(Figures CS24-26). From a general phase analysis, by plotting the diffraction pattern as a
function of temperature (Figure CS27), we identified the phase transition temperatures as
new diffraction peaks appeared. These phase transition temperatures for all compositions are
shown in Table CS3. To show the overall mixed-cation and mixed-halide temperature phase
diagram, we divided it into three, for three Cs molar precents, 0 %, 5 %, and 17 % (Figure

6.12). Therefore, each temperature phase diagram is shown as a function of Br molar %.

130



For 0 % and 5 % of B, there are two low-temperatutre phase transitions, from o to 3

slightly above 250 K, and from [ to y around 150 K (Figure 6.12A). These two phase
transitions have been treported for mixed-cation (Cs,FA), pure iodide,” for mixed-cation
(MA,FA),***" and all single-cation and single-halide compositions.'”***"*** Generally, it is
expected for the perovskite to decrease its symmetry as it is cooled down, evidenced by the
tilting of the corner-sharing octahedra from cubic to tetragonal and from tetragonal to
orthorhombic. These transitions are also foreseen since as the temperature decreases, the
organic cations move slower and influence the octahedra tilting due to less movement.
Moreover, when increasing the Br content to 10 % and 17 % (Cs¢Brio, CsoBri17), we observe
only one phase transition from cubic a to tetragonal 3 in the studied range (300 K — 20 K).
This represents higher stability of the tetragonal phase without the sudden transition to
orthorhombic, meaning more stable tilting in the octahedra. With respect to secondary phases,
without Cs incorporated into the FAPbI;, in all cases (Csg), we observe the presence of non-
perovskite hexagonal phases (H), in Figure CS28. Figure 6.12B shows the temperature phase
diagram for Cs 5 % molar (CssBr,). Without any added Br, CssBry, we observe that the phase
at 300 K is B tetragonal. We observe one phase transition from 3 to y at 150 K. Adding any
amount of Br, from 5 % to 17 % to the Css perovskite leads to an initial cubic o phase,
indicating a higher perovskite symmetry at 300 K. Cooling down these CssBr, perovskites
leads to one phase transitions from o to B slightly above 250 K, similar to the Cso set.
However, for all CssBr, compositions, adding Br hinders the transition from B to v, indicating
better stability of the tetragonal phase and a higher perovskite symmetry at low temperatures

such as 23 K. In general, when adding 5 % of Cs, no secondary phases are observed (Figures

CS28-29).
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Figure 6.12 Composition — Temperature phase diagram for the CsyFA4.,Pb(Br,I1. )3 mixed-halide mixed-
cation lead halide perovskites. (A) without Cs (Cs¢Bz1y) as a function of Bry, (B) Cs 5% (CssBry) as a
function of Bty, (C) Cs 17% (Cs17Bty) as a function of Br.
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Figure 6.12C shows the temperature phase diagram for the case of Cs 17 % (Csi7Bry).

Analogous to Cs 5 %, without Br (Cs;7B1), the mixed-cation perovskite adopts a tetragonal
structure at 300 K. This composition shows a phase transition from 3 to y at around 150 K.

At 300 K, adding Br 5 % (Csi7Brs) retains the tetragonal structure of the perovskite.

Remarkably, this composition shows no phase transitions in the studied range from 300 K to
23 K; the B perovskite is stable down to very low temperatures. Adding Br 10 % and Br 17 %
(Cs17Br10, Cs17Br17) leads to an initial cubic o perovskite that will then transition to a tetragonal
B at around 270 K. This transition temperature is around 30 K higher than the transition from

o to B for lower or no Cs content (Cs 5 %, Cs 0 %).

Equivalent to having Cs 5 %, for Cs 17 %, we observe that adding Br suppresses the
phase transition from P to ¥ all the way to 23 K. Therefore, adding Br improves the stability
and symmetry of the perovskite structure at very low temperatures. Regarding the secondary
phases, all compositions with Cs 17 % show a minor peak corresponding to the non-
perovskite orthorhombic phase of CsPbls, dc, (Figure CS29). It is known that this non-

perovskite is photoinactive and unwanted for solar cell applications."®

6.2.3  Braddition Improves Stability at Low Temperatures

We evaluated the low-temperature phase transitions for a mixed cation (Cs,FA) and mixed-
halide (I,Br) perovskite, as shown in Figure 6.10A. In Figure 6.12, we presented the three-
phase diagrams to compare different ratios of mixed-cation and mixed-halide. These phase
diagrams reveal that the addition of Br to mixed-cation (Cs,FA) compositions stabilizes the
perovskite 3 phase over a wide temperature range, from approximately 260 K down to 23 K.

This stabilization prevents significant structural changes, symmetry variations, and octahedral
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that occur in the y phase.”' Figure 6.13 illustrates two compositions, CssBr, (Figure 6.13A)
without Br and Cs5Bry; (Figure 6.13B) with 17 % Br. The complete set of temperature-
dependent diffraction patterns can be found in Figures CS24-26. In Figure 6.13A, the
perovskite phase starts as B at 300 K, with characteristic peaks around 22° and 26.5°
corresponding to the 210 and 211 Bragg peaks. For CssBrg a new peak appears around 23.2°
at 167 K, indicating the presence of a y phase. In contrast, Figure 6.13B shows that when
adding 17 % of Br, the perovskite initially adopts a cubic o structure. As the temperature is

lowered, B peaks appear at ~267 K, and no y-peak is observed down to 23 K. Furthermore,
CssBri7 does not exhibit any diffraction peaks attributed to secondary phases, maintaining a

pure perovskite structure from 300 to 23 K.

The observed phase transitions and structural behavior in mixed-cation mixed-halide
perovskites differ from those reported in single-cation or single-halide systems. Adding Br to
single-cation iodide compositions, such as MAPb(I,Br);** or CsPb(I,Br)3,”® has resulted in a

transition from 3 to y phase. Similarly, in mixed-cation and single-halide systems, such as

(Cs,FA)PbI;, the transition to y phase has been reported in the range of miscibility."”
Remarkably, in (Cs,FA)PbBr;, Cs substitution has been shown to suppress phase transitions
at lower temperatures.”** Motzur et al. attributed this phase stability to local compressive strain
caused by Cs substitution, overriding the orientation driven by the organic—organic
interactions and disrupting changes in low-temperature phase transitions. They highlighted the
sensitivity of organic—organic interactions in FAPbBr;, explaining the advantages of Cs
incorporation in halide perovskites. Other studies have also reported the suppression of phase
transition by incorporating Cs in MAPbBrs;, attributed to compressive chemical pressure.”

Similarly, Ray et al. suppressed the orthorhombic phase of MAPbBr; by adding DMA and

134



forming a mixed-cation (MA,DMA)PbBr; perovskite.** This suppression was attributed to
increased disorder of organic cations and a less distorted inorganic framework.” Building
upon this understanding, we suggest that the addition of Cs and Br to the FAPbI3 perovskite,
forming a (Cs,FA)Pb(I,Br); framework compresses the structure, as evidenced by smaller

lattice parameters, affecting the interactions between organic cations and increasing disorder.
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Figure 6.13 The effect of adding Br into the (Cs,FA)PbI; lead halide perovskites by in-situ X-ray
diffraction in a Cs 5 % composition. (left) Temperature versus diffraction plot from 21.5-27 °, and (right)

one-dimensional diffraction patterns in two ranges of 20, from 11-15 ° and 21.5-32 °. (A) Cs 5 %, and no
Br (0 %), (B) Cs 5 % adding Br 17 %.

6.24  Conclusions

In conclusion, this work investigates the temperature-dependent phase transitions for a mixed-
cation and mixed-halide perovskites. We measured 7#-situ powder XRD to create temperature

phase diagrams for different concentrations of Cs and Br in (Cs,FA)Pb(I,Br); perovskites. By
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replacing I with Br, we found that the transition from a tetragonal to orthorhombic phase at
low temperatures (below 150 K) was suppressed, resulting in a more symmetrical perovskite
structure with potential applications at low-temperature settings. When Cs was not present,
we observed the formation of non-perovskite hexagonal phases. However, the addition of Cs
and Br prevented the formation of the hexagonal structures. It is important to note that the
inclusion of 17 % Cs resulted in the formation of the secondary non-perovskite orthorhombic
8-CsPbl; phase. From these findings, it can be concluded that adding Br enhances the stability
of the perovskite over a wider temperature range, which is advantageous for low-temperature
applications. Although the introduction of Br increases the bandgap of the perovskite, which
reduces the number of absorbed photons, the overall structure becomes more robust and
contributes to long-term stability. To gain a complete understanding of how the crystal
structure behaves across the entire temperature range, further investigations focusing on the

fundamental structural aspects are essential.
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CHAPTER7. CONCLUSIONS AND OUTLOOK

The overarching goal of this dissertation is to address the instability challenges of lead halide
perovskites (LHPs) by understanding the effects of structural changes on properties of halide
perovskites and their performance in solar cells. X-ray synchrotron-based characterization
techniques were used to study structure-property relationships of LHPs. Specifically, the
effects of internal and external factors on the structural properties of formamidinium (FA)-
based LHPs compositions were explored. This dissertation provides a new understanding of
the factors and mechanisms that dominate the structure and properties of LHPs and provides

a basis for the future design of materials with optimal properties.

7.1 Insights and Opportunities: Crystallization and Facet Properties

Chapter 4 investigated crystallographic orientation in lead bromide perovskites. It was shown
that the solvent of the precursor solution and organic A-site cation strongly affect the
preferred orientation of the deposited perovskite thin films. The solvent DMSO influenced
the early stages of crystallization and induced preferred orientation in the deposited films by
preventing colloidal particle interactions. The methylammonium A-site cation induced a
higher degree of preferred orientation than the formamidinium counterpart. Density
functional theory calculations showed that the facet surface energies had an effect in
determining the preferred orientation. The lower surface energy of the (100) plane facets in
methylammonium-based perovskites, compared to the (110) planes, was the reason for a
higher degree of preferred orientation. In contrast, in formamidinium-based compositions,
the surface energy of the (100) and (110) facets were similar, leading to a lower degree of

preferred orientation. Further, Chapter 4 showed how differences in polycrystalline
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orientation influenced charge transport properties in perovskite solar cells, where a high degree

of preferred orientation is beneficial.

This chapter has revealed that solvent-precursor interactions are key in determining
the final perovskite microstructure. Such interactions have been underexplored, and there are
still unanswered questions regarding the overall crystallization process of polycrystalline LHP
thin films. In particular, the solution needs to be characterized in-depth, giving more
importance to the nucleation and growth processes that dominate the film formation. Future
work should focus on a more in-depth understanding of the precursor solution chemistry and
the colloidal formation, nature, structure, and influence on the nucleation of these films (I,
Figure 7.1). Perovskite colloids are important in forming polycrystalline thin films and in
forming nano crystals and quantum dots, which have shown great potential in LHP solar cells

and other light-emitting applications.

Additionally, this dissertation identified differences in surface energy for different
facets depending on LHP composition. The surface energies led to differences in
crystallographic orientation along a specific direction. These results highlight the importance
of LHP facet properties and the need for facet engineering to optimize the material’s
properties. Future work should cover understanding and optimizing the synthesis to control
facets in LHP (II, Figure 7.1), broadening their applications. Facet importance has been
recently identified as a field of work in the in-depth understanding and control of LHPs.”> A
recent Science publication highlighted the facet role in the degradation of FAPbI;, showing that

the (111) plane is more robust to degradation.'®
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Figure 7.1 Future work for in-depth and further understanding of: (I) The early stages of crystallization
to control the structure and properties of polycrystalline films, nanocrystals, and or quantum dots of
LHPs, and (IT) the LHP facet properties and synthesis optimization for optimal design.

7.2 Insights and Opportunities: Perovskites and Non-Perovskites

Chapter 5 studied the mechanisms that trigger the Cso17FAossPbls (CsFA) perovskite
instability when exposed to humidity (water, H,O) and air (oxygen). The CsFA perovskite has
shown remarkable progress in photovoltaic applications with high power conversion
efficiencies. However, to achieve large-scale deployment of this technology, efficiencies must
be complemented by long-term durability. The latter is limited by external factors, such as
exposure to humidity and air, which lead to the rapid degradation of the perovskite phase and
devices. Chapter 5 studied the mechanisms causing the CsFA perovskite phase degradation
under water and oxygen exposure through zn-sitn X-ray scattering, X-ray photoelectron
spectroscopy, and first-principles calculations. A phase transformation pathway was
unraveled, triggered by a surface reaction pathway involving the dissolution of FAI by water,
and iodide oxidation by oxygen, driving the Cs:FA ratio into thermodynamically unstable
regions, leading to undesired phase transformations. It was found that the synergy of water
and oxygen is key to initializing the undesired and irreversible degradation in these FA-based

lead iodide perovskites. This challenges the common perception from the halide perovskite
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community that humidity (water molecules) is the culprit for the degradation of these high-
performance materials. Understanding the mechanisms that lead to perovskite instability is the
first step to designing a more robust and efficient material. For example, future work in the
field should continue to investigate different methods of encapsulation, not only hydrophobic

but also oxygen-blocking barriers.

On the other hand, this dissertation showed the mechanisms of phase transformation
of FA-based structures from perovskite into non-perovskite phases, which is undesired for
solar cell applications. It is widely known that the hexagonal FAPbI;, non-perovskite, is a
degradation product from the perovskite phase. However, the properties of this hexagonal
phase have yet to be widely studied. From the results of this dissertation (Appendix B), the
absorption spectra of hexagonal FAPbI; showed an exciton peak (Figure 7.2). The non-
perovskite material has distinct optical properties from the perovskite phase, which could be
exploited in new application spaces. There is an opportunity to investigate further the

synthesis, structural control, and properties of the hexagonal FAPbI; (Figure 7.2).
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Figure 7.2 The non-perovskite hexagonal FAPbI; structure and opportunity to investigate its structural,
optical, and electronic properties further, into a new application space.
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7.3 Insights and Opportunities: Strategies to Stabilize the Perovskite

As a continuation of Chapter 5, Chapter 6.1 investigated the effect of using a hydrophobic
molecule, phenethylammonium iodide (PEAI), as a surface treatment to stabilize FA-based
perovskites. Through grazing-incidence wide-angle X-ray Scattering, the surface and bulk
structure were examined, observing that films without surface treatments predominantly
consisted of hexagonal FAPbI; phases. Adding 5 mg/ml. of PEAI hindered the undesired
structural phase transformations from perovskites into non-perovskites. Thus, PEAI led to a
more stable material, regardless of exposure to oxygen or water molecules. Preventing
undesired phase transformations through PEAI surface treatments improved power
conversion efficiency in perovskite solar cells. These enhanced efficiencies were also linked to

increased charge carrier mobility and lifetimes.

Addressing the need for stabilizing the perovskite phase in LHPs to achieve long-term
stability and performance is a critical area of research. Therefore, it is important to explore
and understand additional stabilization strategies. Chapter 6.2 investigated the insights into
phase stabilization by incorporating Br into FA-base lead iodide perovskites. Preliminary
results (not presented in this dissertation) show that adding Br into the FA-based lead iodide
perovskites stabilizes the perovskite when exposed to humidity and air (#z-sitw humidity
GIWAXS on Figure 7.3). Figure 7.3 shows that adding Br into the CsFA perovskite (i.e.,
Cso.17FA0s3Pb(los3Bro.17)3) or surface treatment with a Br-based cation such as octyl ammonium
bromide (OABY), prevent the undesired phase transformations when exposed to humidity and
air. However, the underlying mechanisms and role of Br on phase stabilization are still under
explored. Therefore, future work in the structure-property relationships of LHPs should focus

on understanding the role of Br, which will contribute to further optimization efforts.
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The role of Br in stabilizing the perovskite
Cs0.17FA 83Pb(Bro 170 63)3 Csp.17FAg g3Pbl; + OABr

Perovskite

150 300 450 150 300 450
Time (min) Time (min)

Figure 7.3 Adding Br to the CsFA perovskite has shown to stabilize the perovskite phase when exposed
to H,O/Ait. Future work should focus in understanding the role of Br in stabilizing the perovskite
phase.

7.4 Insights and Opportunities in Advanced Characterization

There are still challenges in the field of lead halide perovskites that need to be addressed to
improve their stability and enable their commercialization. Understanding the relationship
between structure, properties, and performance of LHPs is crucial. Recent advances in
materials characterizations have provided insights into the atomic-, nano-, and micro-scales of

these materials, as presented in this dissertation.

This dissertation employed various advanced characterization methods, including Aigh-
throughput, in-situ (i.e., grazing-incidence wide-angle X-ray scattering), and gperando (i.e., X-ray
beam-induced current) techniques. Figure 7.4 summarizes the experimental methods used in
this dissertation to understand the chemistry-structure-property relationships enabling optimal
device performance. Combined with theoretical calculations, these experimental methods
were used to unravel the chemical and structural mechanisms occurring at both the bulk and
surface of LHPs. However, future research is needed, and more zx-situ and operando techniques

are necessary to understand and correlate the structure and performance of LHPs fully.
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Operando measurements are essential as they allow for continuous observations of the material
while it is exposed to stressors, as in real-life operations, providing insights into the dynamic
changes that occur and their impact on performance. This dynamic perspective may reveal

different correlations compared to static equilibrium measurements.

Elemental Chemistry Crystal Structure Optoelectronic Properties Device Performance

' 1Sun

Charge Carrier Power IN
Transport/ Mobility Solar Cells

APbX,

MPPT

PL, UV-VIS Power OUT

Power Conversion Efficiency
Long-term Durability

Figure 7.4 Summary schematic of the experimental methods used in this dissertation to understand the
chemistry—structure—property—performance relationships in LHPs for solar cells.

The understanding gained from studying LHPs in this dissertation can also be
extended to other energy materials beyond perovskites. Energy materials often exhibit
structural phase variations and surface effects that significantly influence their properties and
performance. Therefore, the approach and characterization methods used in this dissertation
can be extrapolated to investigate structure-property-performance relationships in other
energy material systems. This broader understanding of energy materials will contribute to

developing new energy conversion systems and aid in addressing the global energy crisis.
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APPENDIX A. SUPPORTING INFORMATION:

CRYSTALLOGRAPHIC ORIENTATION

A.1 Solvent and A-site Cation Role

A1 Theoretical Calenlations Methods

The DFT calculations were done completely by Dariia Yehorova and Professor Joshua S.
Kretchmer from the School of Chemistry and Biochemistry at the Georgia Institute of

Technology.

The surface energies, ¥, of FAPbBr; and MAPbBr; with different surface orientations were

calculated using the following definition:

y = (Eslab - NEbulk)

7 [4S.1]

where Eq is the total energy the slab, Ej.. is the energy of a unit cell in the bulk of the film,
N is the number of formula units within the slab, and .4 is the area of the surface. A slab is
given by a finite number of layers of the material system that are fully periodic in x and y, and
isolated from a periodic image in the z direction by a vacuum gap. Egqp and Ejyy, were
computed with periodic DFT using Quantum Espresso.”**> Pseudopotentials were given by
the projector-augmented wave (PAW) method and used with the Perdew—Burke—Ernzerhof
functional in the generalized gradient approximation. The kinetic energy cutoff for the
wavefunction was set to 80 Ry, and a corresponding energy cutoff for the charge density was
set to 800 Ry. A Monkhorst—Pack £-point grids of 4 X 4 X 4 and 4 X 4 X 1 were chosen for

the Brillouin zone sampling of the bulk and the slab calculations, respectively. The super-cell
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for the bulk calculation consisted of a single unit cell. Variable cell optimization was performed
on each bulk unit cell prior to the surface construction. Each super-cell for the surface
calculations was constructed with a 30 A thick slab and 15 A vacuum gap. A geometry
optimization with a fixed cell volume and shape was performed for each slab. All slabs were
constructed with a complete number of perovskite formula units, resulting in two different
terminations for the bottom and top surfaces. The surface energy for each termination was
computed by freezing one of the surfaces in accordance with the procedure described
previously.” One surface layer of the inorganic substructure composed of 1 Pb and 3 Br
atoms was frozen in each slab, while the nuclei of the opposing surface was allowed to relax
freely. All cations were set to rotate freely to account for the presence of the variety of cation
orientations in the structure and its mobile nature. Due to the asymmetry introduced by the
cation structure to the unit cell, cation orientation relative to the inorganic lattice and the
surface was shown to break the degeneracy within a single family of plains.”* In this study, we
use the lowest energy sutfaces as representative structutres of the {100} and {110} families of
planes. The chosen cation orientations also agree with the structures reported in the

literature.?%%’
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A.1.2  Early Stages of Crystallization
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Figure AS1. SAXS peak fitting for A) MAPbBr; and B) FAPbBr; in DMF (Lorentz function). The
Integrated area, FWHM, maximum height, and center of the peak (Center Grvty) are shown.

A3 Structural Analysis
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Figure AS2. GIWAXS integrated circular average diffraction patterns for A) MAPbBr3 and B) FAPbBr«;
deposited from different solvents (DMF, DMF:DMSO 4:1 v/v, DMSO). The perovskite was deposited
on glass/ITO substrates, and the * indicates the ITO diffraction peaks.

Note: Figure AS2 shows the 1D GIWAXS diffraction patterns. The I'TO substrate plays an

important role since the main ITO diffraction peaks overlap with the 110 and 200 peaks of
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MAPDBBr; and FAPbBzs. It is important to know that there is no peak split but an overlap of

the main I'TO peak with the perovskite, and similar happens with other ITO peaks.
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Figure AS3. GIWAXS azimuthal ring that is integrated into the azimuthal profiles in Figure 2 of the
main text. A) shows the crystal structure, planes, and reference on the azimuthal profile angles. The
azimuthal integration is done to the 100 and 110 Debye-Scherrer rings for B) MAPbBr; and C) FAPbB1s3.
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Table AS1. Azimuthal integration peak fitting parameters.

100 Azimuthal Peak
MA

Solvent FWHM error Height R2fit

DMF 21.8  0.223 3473 0.974

DMFE:-DMSO 4:1 461  0.043 9353 0.989

DMSO 4.6 0.015 11032  9.998

Solvent FA

DMF 22.54 455 170 N/A

DMF:DMSO 4:1  29.16  0.78 831  0.777

DMSO 25.65 0.83 678  0.863
A MAPbB, B FAPbBr,

100 ——DMSO 100 —— DMSO
z DMF z DMF
c c
5 > 200
£ o 110
& =0 5| .
z >
= =
|

26 (°)

20 (°)

Figure AS4. XRD of the deposited thin films in glass, in DMF and DMSO for A) MAPbB1; B)

FAPbLBr3
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Figure AS5. MAPbB1; perovskite by adding chlorobenzene (CB) at different times in the spin-coating
process. A) 15 s for DMF and DMSO, B) Azimuthal integration profiles of the main Debye-Scherrer
rings (100) and (110) as a function of ¥ angle from GIWAXS for DMF or DMSO. C) 25 s form DMF and
DMSO, D) Azimuthal integration profiles of the main Debye-Scherrer rings (100) and (110) as a function
of ¥ angle from GIWAXS for DMF or DMSO.
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Figure AS6. FAPbBr; perovskite by adding chlorobenzene (CB) at different times in the spin-coating
process. A) 15 s for DMF and DMSO, B) Azimuthal integration profiles of the main Debye-Scherrer
rings (100) and (110) as a function of ¥ angle from GIWAXS for DMF or DMSO. C) 25 s form DMF and
DMSO, D) Azimuthal integration profiles of the main Debye-Scherrer rings (100) and (110) as a function

of x¥ angle from GIWAXS for DMF or DMSO.

149



DMF : DMSO |
nuclel ¢ nuclei
" < s |2 "
N
=al¢ SRELD &) ¢ | EEEEEH
solulion thin flm solubion thin flm
[ crysialization > [ C izalion

Figure AS7. Schematics on the crystallographic orientation by different solvents. A) DMF leads to
random orientation, while B) DMSO leads to a high degree of orientation.
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Figure AS8. Substrate effect on crystallographic orientation, films deposited on FTO/ compact TiO,
(cTiOz)/ mesoporous TiO; (mpTiOy) layer for A) MAPbBr3; in DMSO, B) FAPbBr; in DMSO.

A.1.4  Perovskite Solar Cells
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Figure AS9. Representative current J-V curves for 7 devices of A) MAPbBr; and B) FAPbBr;
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Figure AS10. Optical properties of the lead bromide thin films deposited on glass, MA is MAPbB1; and
FA is FAPbBr3. A) Photoluminescence spectra, and B) Absorption spectra from UV-VIS spectroscopy.
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Figure AS11. Lead bromide perovskite solar cell parameters MA: MAPbBr; and FA: FAPbBr3. A) Short
circuit current, from reverse scan. B) Fill factor, from reverse scan. C) Power conversion efficiency, from
reverse scan, D) stabilized power conversion efficiency from the maximum power point tracking.
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A5 Impedance Spectroscopy
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Figure AS12. Impedance Nyquist plots for the perovskites A) MAPbBr; and B) FAPbBr;.
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A.2 Crystallographic Reorientation

A2.1 Surface Chemistry by XPS
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Figure AS13. XPS A) overview spectra and B) zoom into the N 1s, C 1s, O 1s, and Br 3d peaks.
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Table AS2. Analyzed peaks from XPS: atomic percentage in sample for element to Pb ratio (Z:Pb)

7: Pb Excess Pb- no Excess Pb- Excess organics- no Excess organics-
humidity humidity humidity humidity
13d 2.14 1.93 291 2.18
Br 3d 0.44 0.44 0.59 0.55
Cls 0.87 1.01 1.15 0.71
N 1s 0.59 0.64 1.3 0.71
O 1s 0.32 0.46 0.17 0.38
Cs 3d 0.06 0.06 0.26 0.2
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A2.2 Structure Analysis by XRD
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Figure AS14. Complete set of XRD pattern for 4 different series (different batches) for the different
stoichiometries and treatments studied. Stoichiometric refers to 1:1 stoichiometry between A:Pb.
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Figure AS16. XRD 001 peak with calculated d-spacing and FWHM for each studied condition
(stoichiometry and humidity treatment). Stoichiometric refers to 1:1 stoichiometry between A:Pb.
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Table AS3. Full width half maximum for the 100 peak for the complete set.

FWHM 100 Series 1 Series2 Series3 Series4 Average Error
Excess Pb- No humidity 0.23576  0.20761  0.16572  0.14363 0.19 0.04
Excess Pb- humidity 0.23512  0.19817  0.21251  0.1558 0.2 0.03
Stoichiometric-no humidity 0.23594  0.19111  0.14263  0.18648 0.19 0.04
Stoichiometric- humidity 0.23569  0.20923  0.16565  0.13284 0.19 0.05
Excess organics- no humidity 0.23668  0.21352  0.21262  0.18461 0.21 0.02
Excess organics- humidity 0.22471  0.20801  0.14123  0.14313 0.18 0.04
Table AS4. Lattice parameter (d-spacing) for the (100) peak for the complete set.
d-spacing (100) Series 1 ~ Series 2 Series 3  Series 4 ~ Average  Error
Excess Pb- No humidity 6.309 6.298 6.242 6.247 6.274 0.035
Excess Pb- humidity 6.3 6.295 6.243 6.253 6.273 0.029
Stoichiometric-no humidity 6.309 6.302 6.214 6.265 6.273 0.044
Stoichiometric- humidity 6.318 6.303 6.254 6.249 6.281 0.035
Excess organics- no humidity 6.318 6.307 6.248 6.267 6.285 0.033
Excess organics- humidity 6.327 6.309 6.251 6.285 6.293 0.033
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Williamson-Hall plot equation (Gaussian):
kA
BcosO = (T) + eCsinf [AS. 2]

Where kis 0.9, C is 4, L is the crystallite size and € the strain.”® B is the experimental FWHM
for the selected peak. The Williamson-Hall plot is done by plotting Bcos8 versus Csin@ for
the 6 predominant perovskite peaks, where a linear relationship is observed, and the strain and
crystallite size are extracted from the slope and y-intercept from the linear fitting. For gaussian-
fitted peaks, all the terms need to be squared (i.e. B’cos’@ and C’*sin°0) in order to obtain the
appropriate fitting and interpretation.”® It is important to note that Williamson-hall plots are
not accurate for quantitative analysis due to the unknown instrumental broadening; however,

they are useful for understanding relative behaviors.
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Williamson-Hall plot: Excess Pb- No humidity
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Figure AS17. Williamson-Hall plots for each stoichiometry, with and without humidity treatment for
each of the XRD series for a Gaussian peak fitting. Peaks for the fitting were 100 ~14°, 110 ~19°, 111
~24°, 200 ~28°, 210 ~32°, 220 ~40°.
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Table AS5. From Williamson-Hall plot- slope m, y-intercept b, and R? values from linear fitting

m (slope) Series 1 Series 2 Series 3 Series 4

Excess Pb- No humidity 1.77E-06 3.58E-06 6.36E-06 5.04E-06
Excess Pb- humidity 1.84E-06 3.34E-06 9.83E-07 4.22E-06
Stoichiometric-no humidity 4.71E-06 3.62E-06 2.80E-06 4.68E-06
Stoichiometric- humidity 2.35E-06 3.11E-06 2.26E-06 4.76E-06
Excess organics- no humidity 5.30E-07 3.62E-06 4.15E-06 2.47E-06
Excess organics- humidity 7.73E-06 1.12E-05 5.06E-06 5.03E-06
b (y-intercept) Series 1 Series 2 Series 3 Series 4

Excess Pb- No humidity 1.60E-05 1.12E-05 4.20E-06 3.86E-06
Excess Pb- humidity 1.60E-05 1.17E-05 9.32E-06 4.48E-06
Stoichiometric-no humidity 1.80E-05 1.08E-05 5.54E-06 7.00E-06
Stoichiometric- humidity 1.94E-05 1.29E-05 6.60E-06 3.73E-06
Excess organics- no humidity 2.13E-05 1.08E-05 1.02E-05 8.16E-06
Excess organics- humidity 1.22E-05 1.09E-05 6.32E-06 5.42E-06
R2 Series 1 Series 2 Series 3 Series 4

Excess Pb- No humidity 63.50% 51.30% 82.40% 94.40%
Excess Pb- humidity 66.10% 34.40% 4.70% 83.30%
Stoichiomettric-no humidity 32.70% 60.20% 70.50% 57.20%
Stoichiometric- humidity 10.90% 30.10% 38.20% 98.40%
Excess organics- no humidity 0.40% 60.20% 49.00% 27.80%
Excess organics- humidity 88.10% 90.90% 78.80% 84.20%
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Table AS6. Calculated micro-strain from the Williamson-Hall plot values.

micro-strain Series 1 Series 2 Series 3 Series 4 ~ Average Error

Excess Pb- No humidity 0.00133  0.00189  0.00252  0.00224 0.20%  0.05%
Excess Pb- humidity 0.00136  0.00183  0.00099  0.00205 0.16%  0.05%
Stoichiometric-no humidity 0.00217  0.0019  0.00167  0.00216 0.20%  0.02%
Stoichiometric- humidity 0.00153  0.00176  0.0015 0.00218 0.18%  0.03%

Excess organics- no humidity 0.00073 0.0019  0.00204  0.00157 0.16%  0.06%

Excess organics- humidity 0.00278  0.00334  0.00225  0.00224 0.27%  0.05%

Table AS7. Calculated crystallite size from the Williamson-Hall plot values.

crystallite size (nm) Series 1~ Series 2 Series 3 Series 4 = Average Error
Excess Pb- No humidity 34.63 41.33 67.67 70.59 53.55 18.23
Excess Pb- humidity 34.67 40.46 454 65.51 46.51 13.4
Stoichiometric-no humidity 32.69 42.22 58.88 52.38 46.54 11.5
Stoichiometric- humidity 31.46 38.59 53.95 71.74 48.94 17.86
Excess organics- no humidity 30.03 42.22 43.49 48.52 41.07 7.84
Excess organics- humidity 39.7 42.02 55.15 59.53 49.1 9.73
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Figure AS18. Micro-strain for the complete set of stoichiometries and crystallite size from Williamson-
Hall plot calculated for each stoichiometry without and with humidity treatment.

161



A2.3 Structure Analysis by GIWAXS
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Figure AS19. GIWAXS images with complete indexing of a cubic perovskite (red), Pbl; (yellow), ITO
(black), Kapton (orange)
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Figure AS20. Integrated for the azimuthal angle ()) for the Pbl, 001 peak (it is highlighted in the
patterns the integration area for the angular representation of the peaks at a same q, in a x-y coordinate
plot) (0.5° impinging angle «;)
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Figure AS21. Integrated for the azimuthal angle () for the CsMAFA 100 peak (it is highlighted in the
patterns the integration area for the angular representation of the peaks at a same q, in a x-y coordinate

plot) (0.5° impinging angle «;)
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Figure AS22. Integrated for the azimuthal angle () for the CsMAFA 110 peak (it is highlighted in the
patterns the integration area for the angular representation of the peaks at a same q, in a x-y coordinate
plot) (0.5° impinging angle a;). Calculation shows that orientation of ~45° corresponds to the

orientation of 0° at 100 (in Figure AS21).
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A.2.4  Optical Properties
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Figure AS24. Tauc-plots for a direct bandgap semiconductor calculated from the UV-Vis absorption
data for each composition: Excess Pb and excess organics.

A.2.5. Perovskite Solar Cells
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Figure AS25. Solar cell characterization A) J-V curves of the best pixel for each studied condition. Inset
graphs show the maximum power point tracking (MPPT) for 170 s to a random pixel studied (not
corresponding to same pixel of JV curve). B) Box plots of Voc, Jsc, FF and PCE.
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Figure AS26. Solar cell characterization box plots for the studied conditions for the reverse (red) and
forward (blue) scans: Voc, Jsc, FF and PCE.
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Figure AS27. Stability measurement of PCE obtained from continuous MPPT for 170 h for the champion
pixel measured.

166



APPENDIX B. SUPPORTING INFORMATION: UNDESIRED

PHASE TRANSFORMATIONS IN HALIDE PEROVSKITES

B.1 Experimental Details

Powder Synthesis for Characterization

CsI (Sigma Aldrich), FAI (TCI), and Pbl, (TCI) powders were mixed in 3 mL of gamma
butyrolactone (GBL, TCI) and dimethyl formamide (DMF, TCI) with a volume ratio of 2:1 to
form a 0.5M solution of Csy17FAgs3Pbls, with 5% molar excess of Pbl.. The solution was
mixed for 1 hour at 50 °C. After, the solution was evaporated in a petri-dish at 170 °C until

dried and annealed for 1 hour at the same temperature.

FAI and Pbl, Thin Films

FAI powder (Great Solar) or Pbl, powder (TCI) were mixed in dimethyl formamidine (DMF)
and dimethyl sulfoxide (DMSO) with a volume ratio of 2:1 volume ratio to form a 1.2 M
solution of FAI or Pbl,. The solution was deposited via spin coating on glass substrates
following the same deposition method of CsFA perovskite (1000 rpm for 10 s, and 6000 rpm

for 20 s). Chlorobenzene was added as antisolvent 5 s before the end of the second spin

coating step. The films were annealed at 100 °C for 15 min.
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B.2  GIWAXS Characterization Setup
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Figure BS1. Experimental setup for the in-situ relative humidity GIWAXS measurements
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B.3 Structural Phase Transformations
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Figure BS2. Le Bail analysis of powder diffraction and thin-film diffraction data. a) Cs0.17FA¢.s;Pbl3
powders without (w/0) H,O exposute, and b) powders exposed ex-situ to H,O/Air with high relative
humidity of 80% for 24 houts c) Cs.17FA s3PbI; thin films without (w/0) H2O exposure, and d) exposed
ex-situ to HyO /Air with high relative humidity of 80% for 20 hours.
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Table BS1. Lattice parameters from LeBail analysis in Fig. BS2

Lattice parameters

Phase Space
group alpha  beta gamma
a/A b/A c/A /° /° /° Chi’*2
Thin Film w/o0 H,O
1. Perovskite P4/ mbm 8.95 8.95 6.36 90 90 90 129
2. Pbl, P3m1 4.7 4.7 6.63 90 90 120
Thin Film H,O/Air
1. Perovskite P4/ mbm 8.95 8.95 6.34 90 90 90
2.2H P65/ mme 8.68 8.68 7.94 90 90 120 3.03
3. delta-Cs Pnma 10.76 393  19.54 90 90 90
4. Pbl, P3m1 4.56 4.56 6.99 90 90 120
Powder w/o0 H,O
1. Perovskite P4/ mbm 8.95 8.95 6.33 90 90 90 164
2. Pbl, P3ml 4.56 4.56 6.99 90 90 120
Powder H,O/Air
1. Perovskite P4/ mbm 8.95 8.95 6.34 90 90 90
2.2H P63/ mme 8.08 8.08 7.93 90 90 120 562
3. delta-Cs Prnma 10.37 417  16.92 90 90 90
4. Pbl, P3m1 4.56 4.56 6.99 90 90 120

To quantitatively compare the degradation rate of CsFA perovskite, we integrated the area of

the main scattering peak for each phase. For the f-perovskite, we integrated the 110 peak at

g,~140.05 A, For the 2H phase, we integrated the 110 peak at ¢,~0.84 +0.02 A", For the

8Cs phase, we integrated the 002 peak at g, ~0.74 0.05 A given that the main 212 peak of

8Cs at ¢, ~1.8 A" overlaps with other phases. The integrated area was plotted in Figure 5.1
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of the main text. To further compare the phase transformation rate, we normalized the
integrated area (&) for each phase as shown in Figure BS3a. We observe that the main f3-
perovskite phase is lost when exposed to H,O/Air, compared to a more stable phase in
H,O/N,. We fitted the phase transformation data into a sigmoidal Boltzmann function,
observing a high R? value, hence a better fitting for the perovskite transformation in H>O/Ait.
In addition, the lowest dx value from the Boltzmann fitting in Figure BS3a for the
transformation in H,O/Air confirms the faster decrease. Additionally, we linearize the data
with a logarithmic function [— In(1 — @)]*/? used in other crystal transformation studies?****
to calculate a time constant & that corresponds to the slope of the fitted linear function. In the
case of the f110 peak in Figure S3b we observe a 4 of -1.5 for the phase transformation in

H,O/Air compared to -0.5 in H;O/Air. However, the fitting in HO/N has a higher error.

In sum, we quantify the faster loss of f-perovskite phase in HO/Air.
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Figure BS3. 110 peak evolutions from the integrated area of the f-CsFA perovskite, normalized into «,
and fitted to a) Boltzmann sigmoidal function. b) Fitted into a linear logarithmic model.
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We do the same analysis for the formation of the non-perovskite phases 2H and §Cs by
normalizing the integrated area (&) and plotting it as a function of time for the different studied
conditions: Figure BS4a 2H phase in H,O/Air, Figure BS4b 2H phase in H,O/N,, Figure
BS4c §Cs in H,O/Air, and Figure BS4d 6Cs in H.O/N.. The non-perovskite phases in
H,O/Air form faster, showing a better Boltzmann fitting and a lower dx value from the fitting.
Remarkably, Figure BS4b shows no formation of the 2H phase in H,O/No. For this reason,
there is no Boltzmann nor linear fitting for the data. To compare the non-perovskite phase
formation under the same condition, we compared the normalized linearized data. Figure
BS4e shows how 2H phase forms at a faster rate with a slope, time constant 4, higher than for

the §Cs phase.
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Figure BS4. Peak evolution from integrated area normalized into & and fitted to a Boltzmann sigmoidal
function a) 2H peak in H,O/Air, b) 2H peak in HyO/Ny, ¢) 6Cs peak in H,O/Air, d) §Cs peak in
H;0/N,. Data fitted into a linear logarithmic function to compatre the evolution and calculate time
constant (b) in €) H,O/Air and f) H;O/Na.
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Figure BS5. Integrated circular average from in-situ relative humidity for different substrates and
exposure conditions a) HO/Air on ITO, b) H,O/Nitrogen on ITO, c) Dry Air on ITO, d) H;O/Air on
FTO and compact and mesoporous TiO; layers, ¢) H,O/Nitrogen on FTO and compact and
mesoporous TiO; layers, d) Dry Air on FTO and TiO; layers. Bragg peaks are labeled for the f3-

perovskite phase.
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Figure BS6. Peaks from simulated diffraction patters of the main phases observed in the studied lead
halide perovskites: FTO, ITO, Pbl,, orthothombic §-CsPbl;, hexagonal 2H-FAPbI;3 and tetragonal f3-
perovskite Csg.17FAg.s3PbI;,
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Figure BS7. Structural phase analysis at the surface (GIWAXS incident angle of 0.1°, beyond the critical
point for perovskites) by in-situ GIWAXS. a, b, c) CsFA films exposed to HO/Air, d,e,f) H;O/Ny, and
g,h) Dry air. a, d, g) In-situ scattering vector as a function of time of exposure, b) zoom-in plot of the
circular average scattering pattern as a function of time of exposure, and the normalized-intensity plot,
and c, f) the peak evolution of the 2H and §Cs phases, following the procedure from Figs. S3 and S4,
and calculating the time constant b,
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Note on surface analysis: The surface GIWAXS is obtained from varying the X-ray incident

angle, from 0.5° for bulk to 0.1° for surface. The critical angle for FAPbI; has been reported

at approximately 0.16°26! meaning that below we are probing only some tenths of nanometers of

layer, while above, we increase to hundreds of nanometers. Given that our film has a thickness of

around 500nm, the 0.5° probes the “bulk” and 0.1° probes the “surface. Herein, we observe surface

phase transformations for CsFA films exposed to H,O/Air and to H,O/N,. The time

constant » shows a higher value at the surface compared to bulk (Figure BS4), indicating that

the non-perovskite phases form faster on the surface than bulk. By comparing 2H with 6Cs

in H,O/Air, 2H phase forms faster.

Figure BS8. Motphology from SEM in a) Cs.17FAg3PbI3 (CsFA) thin films w/o0 H,O exposure, and b,c)
after exposed ex-situ to HyO/Air relative humidity 80% for 20 houts. The scale bar is 2 micrometers.
The SEM measurements were done in vacuum, but the samples were exposed to air from the glovebox

to the SEM instrument.
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Figure BS9. Optical propetties of the Cso.17FA¢.s3PbIs (CsFA) exposed to H,O/Air with relative humidity
80% for 20 hours. a) Absorption from UV-VIS spectroscopy, b) steady state PL, and c) ttrPL with
normalized PL intensity. The measurements were done in ambient atmosphere, therefore, exposed to
ambient air. (green) CsFA w/o0 H;O exposure, (blue) after exposure to H,O/Air.
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deposited inside of nitrogen glovebox but exposed few minutes to air while transferring to the XPS
insttument. XPS measurement was in vacuum. a) Pb 4f, b) Cs 3d, c) C 1s.
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Figure BS11. XPS spectra of Cs17FAos3Pbl; (CsFA) exposed ex-situ to H,O/Air with relative humidity
of 80% for 20 hours and peak deconvolution for a) C 1s w/o0 H,O exposutre, b) C 1s HO/Air exposure,
c) N 1s w/o H;O exposure, d) N 1s H,O/Air exposure.
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Table BS2. XPS convoluted peaks details and atomic percent for Cs17FAs3Pbl; w/0 exposure to HO

CsFAPbI; - w/0o H,O

Name BE eV FWHM eV Area (P) CPS.eV Atomic %
c-C 284.37 1.12 202137 2.84%
cqo DPeakl 285 44 121 1038.77 1.33%
Peak 2 288.16 121 8075.49 10.18%
Peak 3 289.68 121 978.11 1.25%
C=N 400.44 1.14 26751.59 21.77%
N 1s
NH3 398.76 1.24 1030.11 0.83%
Ols  peak1 533.1 337 2085.32 1.08%
[3q 1345 Scan A 619.09 131 741127.39 47.79%
13d3 Scan A 630.56 131 513604.64 0.00%
0
pp g PDHT Scan A 138.13 0.99 174414.28 10.51%
Pb4£5 Scan A 143.03 0.99 13714745 0.00%
Cs3d5 Scan A 724.82 13 40130.21 2.42%
Cs 3d
Cs3d3 Scan A 738.75 131 27800.64 0.00%
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Table BS3. XPS convoluted peaks details and atomic percent for Cso.17FAg s3PblI; exposed to H,O/Air

CsFAPbDI; - H,O/Air

Name BE eV FWHM eV Area (P) CPS.eV Atomic %
C-C 284.45 1.36 5096.07 5.71%
C1s Peak 1 285.86 1.46 936.78 1.05%
Peak 2 288.18 1.26 7362.1 8.27%
Peak 3 289.56 1.46 878.29 0.99%
C=N 400.52 1.17 22404.59 16.19%
N 1s
NH3 398.94 1.26 1404.33 1.01%
O1s Peak 1 532.29 1.72 39460.16 18.30%
Peak 2 530.37 1.82 3891.3 1.80%
13d 13d5 Scan A 619.22 1.4 635074.14 36.38%
13d3 Scan A 630.68 1.41 440109.26 0.00%
0,
Pb 4f Pb4f7 Scan A 138.04 1.04 155980 8.49%
Pb4f5 Scan A 142.94 1.04 122651.99 0.00%
Cs3d5 Scan A 724.58 1.45 33320.34 1.79%
Cs 3d
Cs3d3 Scan A 738.52 1.45 23082.88 0.00%

Note on XPS measurements: XPS was performed under an ultra-high vacuum instrument.
In addition, the samples were exposed for a few seconds between the transfer from a nitrogen
glovebox to the measurement setup. We note that these measurements were done ex-sizu,
therefore, there was no possibility of measuring XPS to samples exposed to H,O /Ny, not only
exposed to dry air. The 7n-situ setup was only for the GIWAXS measurements to study the

structural phase transformations.
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Figure BS10c shows the Cls peaks. The peak at ~284.5 eV from the C—C and C—H
bonds. Two minor peaks resulted from the peak deconvolution (Figure S11a-b) that may be
attributed to other C—N complexes.*” The peak at ~288.16 eV, peak 2, is principally
attributed to C=N bond from FA. After H,O/Air exposure, Peak 1, corresponding to C—C,
C—H, or C—N bonds increases intensity, indicating other carbon species forming at the
surface, such as carbonates, possibly from atmospheric contamination (Figure BS11). After
H,O/Air exposure, Peak 2, the C=N peak intensity decreases, in line with the FA" loss.
However, the atomic percentage attributed to Peak 2 decreases only 2% compared to the 5.6
% decrease in from the nitrogen from the N1s spectra (Tables BS2-3). For this reason, we
also attribute Peak 2 from the Cls spectra in Figure BS11b, after H,O/Air exposure, to
Carbon-Oxygen complexes such as carbonates or carboxyls, that have a binding energy from

288 to 291 eV.”

4500

FAI

C1s wio H,0

Envelope

H,O/Air
== Envelope

Counts/s

292 290 288 286 284 282
Binding Energy (eV)

Figure BS12. XPS of FAI thin films deposited in a nitrogen glovebox and exposed for few minutes to air
before in the transfer to XPS instrument w/o H;O exposure or exposed to H,O/Air with a relative
humidity of 80% for 20 hours. Spectra of the C 1s.
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Table BS4. XPS convoluted peaks details and atomic percent for FAI films w/o H,O exposure

FAI w/0 H;O

Name BE eV FWHM eV Area (P) CPS.eV Atomic %

C-C 284.83 1.39 4073.14 5.79

Peak 1 286.41 1.49 957.17 1.36
Cls

C=N 288.16 1.29 5146.65 7.33

Peak 2 289.53 1.29 745.49 1.06
N1s C=N 400.37 1.4 17927.23 16.42

Peak 1 532.78 1.62 94305.83 55.47
O 1s

Peak 2 530.8 1.59 6906.38 4.06
13d 13d5 Scan A 618.8 1.49 117297.44 8.51

13d3 Scan A 630.26 1.49 81287.66 0

Table BS5. XPS convoluted peaks details and atomic percent for FAI thin films exposed to H,O/Air

FAI - HO/Air

Name BEeV FWHM eV Area (P) CPS.eV Atomic %

C-C 284.79 1.43 3997.97 5.36

Peak 1 286.33 1.52 1017.77 1.37
Cls

C=N 288.15 1.33 3480.2 4.67

Peak 2 289.47 1.52 770.96 1.04
N1s C=N 400.38 1.44 12185 10.53

Peak 1 532.8 1.62 122020.69 67.71
O 1s

Peak 2 530.8 1.6 7659.7 4.24
I3d 13d5 Scan A 618.83 1.47 74209.34 5.08

13d3 Scan A 630.29 1.47 51427.41 0
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Figure BS13. XPS of Pbl; thin films deposited in a nitrogen glovebox and exposed for few minutes to
air before in the transfer to XPS instrument w/o H,O exposure or exposed to H,O/Air with a relative
humidity of 80% for 20 hours. a) Pb 4f, b) C 1s.

Table BS6. XPS convoluted peaks details and atomic percent for Pbl, films w/o H,O exposure

PbI, w/o0 H,O
Name BE eV FWHM eV Area (P) CPS.eV Atomic %
Cls C-C 284.93 1.68 3119.31 11.58
I13d 13d5 Scan A 619.9 1.26 331536.1 62.95
13d3 Scan A 631.36 1.26 229756.02 0
Pb 4f Pb4£7 Scan A 139.01 1.05 143537.9 25.47
Pb4£5 Scan A 143.91 1.05 112868.37 0
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Table BS7. XPS convoluted peaks details and atomic percent for Pbl thin films exposed to HO/Air

Pbl; - HO/Air

Name BE eV FWHM eV Area (P) CPS.eV Atomic %
Cls C-C 284.89 2.01 2789.37 10.58
I3d 13d5 Scan A 619.75 1.24 327731.4 63.57

13d3 Scan A 631.21 1.25 227119.34 0
Pb 4f Pb4£7 Scan A 138.92 1.05 142544.16 25.84

Pb4£5 Scan A 143.82 1.05 112086.96 0
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B.5  Bulk Chemistry

3 CsFA-w/oH.O MolarRatio

m1

CsFA - wio H,0

AT

b CsFA - H,0/Air Molar Ratio

Figure BS14. X-ray fluorescence (XRF) maps of the molar ratios between Cs, Pb, and I in Cs¢.17FA¢.s3PbI3
(CsFA) thin films a) without (w/0) H,O exposure. The samples were exposed to air before the
measurement in a helium-vented chambet. b) after ex-situ exposure to H,O/Air with relative humidity

80% for 20 hours. The measurement was in a helium-vented chamber. The scale bar is 10pm.

Note on XRF: XRF measurements were done to CsFA films on glass to prevent fluorescence
signal from the ITO. It is important to highlight that the characteristic X-ray fluorescence
emission energies of Cs and I are close in energy and overlap. For this reason, even if we
quantify the mass and molar values with a standard, there is loss of accuracy due to the low

and overlapped energies.
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Figure BS15. FTIR Cs.17FA¢.s3Pbl; thin films (CsFA). (gteen) Without (w/0) H,O exposure deposited,

and synthesized in a nitrogen glovebox, and measured in air. (blue) CsFA films after ex-situ exposure
to H,O/Air with relative humidity 80% for 20 hours.
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Figure BS16. FTIR Cs17FAos3PblI; powders (CsFA). (green) Without (w/0) H,O exposure, deposited,
and synthesized in a nitrogen glovebox, and measured in nitrogen glovebox without air exposure. (blue)
CsFA films after ex-situ exposure to H>O/Air with relative humidity 80% for 20 hours.
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Table BS8. FTIR peaks and assignment for powders and thin films. 262-265

Wavenumber (cm-1)
Powder | Thin Films | Peak Assignment
3400 3403
3352 3353 | N-H stretches
3324 3325
3264 3267 | Symmetric NH3* stretch
3156 3156 | Asymmetric NH3* stretch
1708 1705 | C=N stretch Symmetric
1600 1610
1350 1352
1275 1270
1167 1172 | Skeletal C-C, C-N bending
1043 1047
1007 1010
579 595.9
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B.6 DFT Calculations

The DFT calculations were entirely done by Dr. Waldemar Keiser, supervised by Professor

Filippo De Angelis, from the CNR-SCITEC, Italy.

B.o.1  Surface Models and Computational Details

Density functional theory (DFT) calculations of the interaction of oxygen and water molecules
with perovskite surfaces were performed within the Quantum Espresso softwate package.”
Geometry optimization of the slab models were performed using the PBE exchange-
correlation functional®® with plane-wave basis set cutoffs for the smooth part of the wave
functions and augmented electronic density expansions of 40 and 320 Ry, respectively.
Dispersion interactions ate captured within the DFT-D3 scheme.*’ Electron-ion interactions
are described by ultrasoft, scalar-relativistic pseudo-potentials with electrons from O, N, and
C 2s, 2p; H 1s; I 5s, 5p; Cs 5s, 5p, 6s; and Pb 6s, 6p, and 5d shells explicitly included in the

calculations. The cell is generated starting from the 3-phase of FAPbI; **

, with subsequent
replacing of 6 of 32 FA™ by Cs” cations within a 2X2X2 supercell, resulting in a Cso10FAosiPbls
composition. Subsequent geometry and cell optimization, keeping angles fixed, are performed
before generation of the slab models. The Pbl»- and CsFA;I-terminated perovskite slab
models were made of 5 inorganic layers and of 3 inorganic layers, respectively, as shown in
Figure BS17. A vacuum region of at least 15 A was added on top of each surface. For the
calculation of water adsorption on PEA cations, we created a PEA,Pbl, slab model made of
2 inorganic layers with PEAI-termination and >15 A vacuum within a 2x2 supercell along a

and b direction, using experimental cell parameters.*” In all calculations, the Brillouin zone is

sampled at I"-point.
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B.6.2  Modeling of Reactions

Rx.7: The formation energies of oxidized iodide species, IO, are calculated as follows:
n
AE = E(slab + 10,,) — E(slab) — EE(OZ)

where E(slab 4 10y) is the energy of the surface model containing the 10,, E(slab) is the
energy of the pristine slab, and E(O,) is the energy of an oxygen molecule.
Rx.2: The formation energy of lead(Il) iodate, Pb(10s3)s, is calculated as follows:
AE = E(slab + Pb(103),) — E(slab) — 3E(0,)

where E(slab + Pb(103),) is the energy of the surface model containing the Pb(1O53),.
Rx.3: The formation energies of a Pbl, vacancy upon removal of a Pb(IO3); unit is calculated
as follows:

AE = E(def.) — E(slab + Pb(103),) + u(Pb(103),)
where E(def.) is the defective surface the Pbl, vacancy, and w(Pb(I03),) is the chemical
potential of lead (II) iodate. To obtain the chemical potential, we calculated the energy of a
bulk lead (IT) iodate*™ available at CCDC 1635205. Geometry optimization of the lead (II)
iodate phase were done using high 8X8X1 k-point sampling and D3 corrections at the PBE

level of theory.
B.6.3  DFT Model of Hydration

DFT calculations of the oxygen molecular orbitals are performed using the Gaussian09
program package.””" Geometry optimization in water was done using the C-PCM model *”
using explicit solvation by four water molecules. All quantities are calculated employing the

hybrid B3LYP functional®” along with 6-311g** basis set and D3 corrections.
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B.c.4  DFET Supporting Information

Figure BS17. Surface models of Cso:FAosPbl; with a) Pbl;-termination and b) CsFAI-termination.
Following color code is used for the atomic representations: purple, I; cyan, Pb; blue, N; green, Cs;
gray, C; white, H.

Table BS9. Adsorption energy of Oz on Pbl;- and CsFAI-terminated perovskite surfaces, see Figure S17.
Values in patentheses are given without D3 corrections. 2 The hydrated PbI,-terminated slab was used
as reference to calculate the O; adsorption energy.

Surface Adsorption Site Adsorption enetrgy / eV
Pb -0.17 (-0.05)
Cs top site -0.22 (-0.05)
Pbl,-terminated ~ FA top site -0.03 (-0.04)
Vi -0.21 (-0.09)
Hydrated » -0.31 (0.07)
Cs top site 0.34 (0.27)

CsFAlI-terminated ]
FA top site 0.06 (0.11)

191



PbO
AE =+1.09 eV

Figure BS18. DFT calculation of PbO formation at a defective PbI>-terminated surface. An oxygen atom
is placed at an iodide vacancy and bonded to Pb as initial setup. The relaxed geometry shows a reaction
energy of +1.09 eV, being thermodynamically unfavorable.

—Pbl,

Figure BS19. DFT calculation of PbI;, vacancy formation: (left) pristine PbI,-terminated surface, (right)
defective surface containing a Pbl;, vacancy. The reaction occurs by removal of a PbI, unit from the
surface, showing positive reaction energy of 0.07 eV. Following color code is used for the atomic
representations: purple, I; cyan, Pb; blue, N; green, Cs; gray, C; white, H.

Table BS10. Energy of n* orbitals of molecular oxygen in vacuum and hydrated on the B3LYP/6-311G**

level of theory with empirical D3 corrections. Effect of water is modeled by placing 4 water molecules
next to the oxygen and the use of an implicit solvation model in Gaussian(09 (see computational details).

Environment Otbital energy / eV

Vacuum -3.185
Water 0.99163783
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Figure BS20. Density of states (DOS) of the perovskite slab for the pristine and hydrated surface. All
DOS are aligned at the C 2s peak of a bulk FA cation, and energies are referenced to the VBM of the
pristine surface. The shift in VBM is explicitly highlighted in the lower panel. Following color code is
used for the atomic representations: purple, I; cyan, Pb; blue, N; green, Cs; gray, C; white, H.
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B.6.5  DFT Superoxide Formation
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Figure BS21. Current-voltage curves of a Csg17FAgs3Pbl; solar cell of the architecture shown in Fig.5d
of the main text, untreated. a) Dark, b) room light of the laboratory where the measurement was done,

non-quantified, c) comparison of different sun-light intensities: 0.1 sun, 0.5 sun, and 1 sun with intensity
AM 1.5.

The current-voltage characteristic of a CsFA perovskite solar cell at room light shows how for
a low-intensity, not quantified, room light the device creates a photocurrent and photovoltage.
Free charge carriers can be generated from a regular source of light. In addition, we show in
Figure BS21 how the current density and voltage changes as a function of light-intensity,

quantified by 1 sun of illumination AM1.5.

We petformed DFT calculations of superoxide formation in H,O/Air and from
mobile ions. Recent studies raised the importance of superoxide in perovskite degradation
from photooxidation.'""'*?™ Here, we consider potential superoxide (O.*) and peroxide
(O7*) formation mechanisms from mobile iodine ions (Rx. BS7a and BS74) and from light
(Rx. BS2):

217 + 20, - 205 + I, [BS1a]
217 + 0, > 05~ + Iy [BS1D]

0,+ hv > 0,+e” +ht — 0,7 +h* [BS2]

Reaction §1 is considered at the FAI-terminated surface, where oxygen molecules are adsorbed

on iodide vacancies, forming molecular iodine I, by superoxide or peroxide formation, see
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Figure BS22. DFT calculations predict a formation energy of +0.81 eV for Reaction §1a, being
thermodynamically unfavorable in dark. For the formation of peroxide, we obtain a reduced
formation energy of +0.65 eV, while the optimized structure shows a deprotonated FA cation
by peroxide, resulting in HOO". However, both processes are thermodynamically unfavorable,

suggesting a reduced relevance of iodine oxidation via superoxide/peroxide formation.

Figure BS22. Top and side view of the FAI-terminated perovskite surface with oxidized iodine, I, via
(a,b) superoxide [reaction 1a] and (c,d) peroxide formation [teaction 1b]. Following color code is used
for the atomic representations: purple, I; cyan, Pb; blue, N; green, Cs; gray, C; white, H.

Reaction BS2 starts from Oadsorption on the surface, followed by the photoexcitation
of the perovskite at light, and subsequent electron transfer from the perovskite to the O,
resulting in O, as shown in Figure BS23. The superoxide formation energy from reaction

[BS2] is modeled in line with literature™ using the following equation:

Ereact([2]) = E(slab + 02*") — E(O2) — E(slab™) + Egap

where E(slab + O,*") is the total energy of the CsFA perovskite slab containing the adsorbed

superoxide O,*"; E(Oy) is the energy of an isolated O, molecule; E(slab™) is the energy of the
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CsFA perovskite slab in excited state with charge -1; E,, is the band gap of the CsFA

perovskite to generate the charge carriers.

Regular room light creates a small photo-current and photo-voltage in a CsFA
perovskite solar cell (Figure BS21), thus reaction BS2 is more likely in explicit illumination at 1
sun intensity. We explicitly consider reaction BS2 at different CsooFAqsPbls surfaces.
Considering the electronic structure of the pristine surface in Figure BS24, the unoccupied
m* orbital of the adsorbed O, is close to the conduction band of the perovskite surface. On
the hydrated surface in Figure BS24b, H,O molecules enhance O, adsorption, E.i = -0.31
eV, and introduce a striking shift of the n* orbital from 1.44 eV to 0.44 eV above the valence
band maximum (VBM) as seen the hydrated one. HoO molecules strongly bond with
undercoordinated surface Pb ions, resulting in an upshift of VBM by 0.58 eV. Moreover, the
enhanced O; attraction yields a stabilization of the ©* orbital by 0.42 eV. Interestingly, O,
adsorbed at defects such as V1" (E.as = -0.21 V) results in a comparable shift of the unoccupied
m* orbital with respect to the VBM, mainly due to the downshift of the n* orbital by 0.72 eV

(Defect in Figure BS24).

Figure BS23. Light induced superoxide at the hydrated PbI,-terminated perovskite surface [reaction 2].
Following color code is used for the atomic representations: purple, I; cyan, Pb; blue, N; green, Cs;
gray, C; white, H.
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Finally, we computed the superoxide formation energies from the above mechanisms.
The formation of superoxide by I, release, reaction BS1, shows a large energy of 0.81 eV, higher
than the energies of reaction BS2 seen in Figure BS25. Upon illumination, we observe similar
energies for O,* formation at the pristine and at the defective surfaces. In contrast, we obtain
a substantial reduction in O* formation energy to 0.39 eV at the hydrated surface, which can
be attributed to the stabilization of O by hydrogen bonding with H>O molecules.
Consequently, the low formation energy suggests an increased superoxide yield at the hydrated

CsFA perovskite surface compared to the pristine dry surface under light illumination.

We hypothesize on subsequent reactions driven by superoxide in a H.O/Air
atmosphere. O,*" reacts with adsorbed water molecules to form hydroperoxyl, HO, and
hydroxyl radicals, OH" [Rx.BS3].”” These oxygen species catalyze further reactions with water,
forming hydrogen peroxide, H2O», among other products [Rx. BS4]."®"'® Reactive species,

such as OH, rapidly deprotonate the FA™ [Rx. BS3].

20, +H,0 — 0,+ HO; + OH™ [BS3]
HO; + H,0 — OH™ + H,0, [BS4]
OH™ + FA® - H,0 + FA,) [BS5]
In addition to the chemical reactions described in the text, we consider other reactive species
in the air such as CO», we show a possible chemical reaction of CO, with water [Rx. BS6] that
leads to the formation of carbonates. Other reactions associated with Pb species are shown in

[Rx. BSG - BSS).

CO, + H,0 — C03% + 2H" [BS6]
Pbl, + 2H,0 — PbOH, + 2HI [BS7]

Pb*? + C03%+ Pb + H,0, — PbCO; + PbO [BS8]
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Figure BS24. a) Top view of the Pbl,-terminated perovskite surface after O, adsorption on the (top)
pristine, (middle) hydrated, and (bottom) defective surface on an iodide vacancy site. The adsorbed O,
molecule is highlight by a red circle. b) Density of states (DOS) from spin-polarized DFT calculations
for the pristine, hydrated, and defective sutfaces after O, adsorption. The unoccupied " orbitals of the
O2 molecule are explicitly highlighted. All DOS are aligned at the C 2s peak of a bulk FA cation, and
energies are referenced to the VBM of the pristine surface.
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Figure BS25. Superoxide formation energies from mobile ions [Rx. BS1] and from light irradiation of
the pristine, defective, and hydrated CsFA perovskite surface [Rx. BS2].
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APPENDIX C. SUPPORTING INFORMATION: PREVENTING

PHASE TRANSFORMATIONS IN HALIDE PEROVSKITES

Ci1 PEAI in FAPI

C.1.1  Structural Analysis

a) Raw circular average b) Normalized, minus background c) Zoom-in
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Figure CS1. 3D FAPbI; Circular average diffraction pattern at the surface and bulk. a) Raw circular
average b) normalized and minus background, c) zoom-in into the hexagonal polytpes region. The Ak/
peaks labeled in all patterns correspond to the cubic FAPbI; perovskite of space group Pm-3m.
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Hexagonal polytypes
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Figure CS2. Simulated diffraction patterns of the FAPbI; hexagonal polytypes. Diffraction peaks are
labeled with its relative diffraction intensity. cif files were taken from the work by Gratia et al. 22!
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Figure CS3. Simulated diffraction patterns of the PEA;Pbl, phase. cif files were found on the NMSE
database ?*’taken from published works. 276277
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a) Raw circular average b) Normalized, minus background C) Zoom-in
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Figure CS4. Circular average diffraction pattern at the surface and bulk Img/mL of PEAI + 3D FAPbI;,
a) Raw circular average b) normalized and minus background, c) zoom-in into the hexagonal polytpes
region. The Ak/peaks labeled in all patterns correspond to the cubic FAPbI; perovskite of space group
Pm-3m.
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Figure CS5. Circular average diffraction pattern at the sutface and bulk 5mg/mL of PEAI + 3D FAPbI;.
a) Raw circular average b) normalized and minus background, c) zoom-in into the hexagonal polytpes
region. The Ak/peaks labeled in all patterns correspond to the cubic FAPbI; perovskite of space group
Pm-3m.
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Figure CS6. Overall comparison of the hexagonal polytype region at the surface and bulk.

In the circular average diffraction patterns in Figures CS2-4, we observe double peaks for the
GIWAXS corresponding to the surface (a;=0.05). These double peaks could be attributed to
hexagonal polytypes such as 4H and or 6H, labeled as H in the figures. The most notable splits
are observed at the surface, in agreement with the phases observed from the zoom-in regions

of the hexagonal polytypes.

C.1.2  Surface Morphology and XPS

FAPI

=

Figure CS7. Surface scanning electron microscopy (SEM) images of pristine, FAPI films
treated with 5mg/mL PEAI-treated.
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Table CS1. Stoichiometry at the surface in all samples. The amounts of each perovskite component have
been normalized to Pb in the table to ease relative comparison of the surface compositions.

N (PEA) N (FA) Pb 1 FA+PEA

FAPI 0 0.99 1 414 0.99
1 PEAI 0.22 1.07 1 425 1.29
5 PEAI 1.76 0.51 1 527 2.28

The morphology of the films is characterized by SEM. Figure CS7 shows the surface
morphology of pure-FAPI and FAPI treated by adding 5mg/mL of PEAL The film’s surface
becomes more blurred after PEAI addition indicating increased charging, possibly induced by

the formation of an insulating overlayer.
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C.1.3  Photoluminescence and THz
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Figure CS8. PL evolution from nitrogen to air for 1) As-deposited films, measured PL inside nitrogen
glovebox. 2) After 3 days of deposition and exposed 4 hours to air, 3) After 3 days of deposition and
exposed 1 day to air. a) Non-normalized PL intensity, b) Normalized PL intensity, c) Comparison of
normalized data with the PL data plotted in the main Chapter 6. The samples in the main text were
measured after around 1 week of deposition, plus shipping, and handling in air.
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Figure CS9. Air-induced degradation in FAPI films. The exposure to air was done 3 days after
deposition and storage in the nitrogen glovebox.
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Figure CS10. Time-resolved THz photoconductivity measurements of FAPI, FAPI + 1mg PEAI, and
FAPI + 5 mg PEAI. Charge carrier mobilities for FAPI (purple), FAPI + 1mg PEAI (blue), and FAPI
+ 5mg PEAI (green). Data for annealed samples are shown as open circles. Carrier mobilities at each
excitation fluences are calculated from the initial THz transmission changes. The addition of PEAI
improves carrier mobility, and upon annealing the carrier mobility reduces.

206



C.1.4  FAPI Perovskite Solar Cells
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Figure CS11. FAPI solar cells. a) Short circuit current and b) Fill factor for untreated FAPI and treated
with PEAI solar cells under simulated AM 1.5 irradiance. The data points are plotted in boxplots which
show the median (central line) and the median of the upper and lower halves of the data (top and bottom
lines of the box, respectively).
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Figure CS12. Perovskite solar cells PCE box plots. Different concentrations of PEAI were tested, such
as 10 mg/mL of PEAI (PEAI 10). A different 3D composition without passivation was also fabricated,
triple-cation double-halide CS(),05(MAO,17FAO,83)FAPb(10,83B1‘0_17)3 (CSMAFA)
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C.2  PEAI on CsFA: Humidity Exposure

C.2.1 DFT Calenlations

E.y = -0.50 eV

Figure CS13. Water molecule adsorption on the (left) PEAI-terminated surface of a two-dimensional
PEA,Pbl; perovskite, and (right) Pbl,-terminated surface of the considered CsFA perovskite.
Adsorption energies are given, normalized per water molecule.
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C.2.2  In-situ humidity by GIWAXS
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Figute CS14. In-situ GIWAXS in H,O/Air of PEAI-treated samples. Bulk (incident angle 0.5°) a)
scattering vectot as a function of time exposed to H,O/Air bulk, b) integrated circular average of the

diffraction at the bulk (incident angle 0.5°) and zoom in the PEAI and low-dimensional (LD) phases
region bulk. Sutface (incident angle 0.1°) c) scattering vector as a function of time exposed to H20/Air

surface, d) integrated circular average of the diffraction at the sutface (incident angle 0.1°) and zoom in
the PEAI and low-dimensional (LD) phases region surface.

Note on in-situ GIWAXS with PEAI: We observe differences between the surface
and bulk measurements. At the surface, there is more n=1 Ruddlesden popper phase

(PEA2Pbly), while at the bulk it converts into n=2 or other LD PEA-phases.

We analyzed the evolution of the main peaks following the procedure done for Figure
BS3-4 (Appendix B), but in this case for the PEAI-treated devices exposed to H;O/Air in
Figure CS16. We point out that the non-perovskite phase 2H decreases as a function of time

exposed to H,O/Air. This may be correlated to another mechanism occurring in parallel to
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the exposure to HO and O,, of the reaction of the 2H phase with PEAI to form a LD

Ruddlsden-Popper phase.
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Figure CS15. Peak evolution from integrated area normalized into & and fitted to a Boltzmann sigmoidal
function a) PEAI-treated 2H peak in H,O/Air, b) PEAI-treated §Cs peak in H,O/Air. Data fitted into
a linear logarithmic function to compare the evolution and calculate time constant (b) for ¢) PEAI-

treated films in H,O/Air.
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C.2.3  CsEA Perovskite Solar Cells
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Figure CS16. Solar cells result for the untreated CsFA perovskites, without (w/0) H,O exposure, after
CsFA is ex-situ exposed to H,O/Air, and for PEAI-treated w/o H;O exposute and after ex-situ
H,0/Air exposure. HyO exposure is done before the Sprio-OMeTAD and Au layers. Figures of merit
show: a) Short-circuit current density, b) open circuit voltage, c) fill factor, d) stabilized power
conversion efficiency (PCE). Example of current density- voltage curves for e) untreated CsFA and f)
PEAI-treated devices without abd with H,O/Air exposure.
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Figure CS17. X-ray fluorescence (XRF) with correlative X-ray beam-induced current (XBIC)
done on complete Cs.17FAos3Pbl; solar cell devices. a) Without (w/0) H2O exposure. The
samples were exposed to air before the measurement, and the experiment was done in a
helium-vented chamber. and b) after ex-situ exposure to HO/Air with relative humidity 80%
for 20 hours. The measurements were done in a Helium-vented chamber. (I:Pb) denotes the
calculated molar ratio iodine to lead from mass per area data. (Cs:Pb) denotes the molar ratio

cesium to lead. The scale bar is 10pm.

XRF with correlative XBIC was performed to complete perovskite solar cells (see schematic
in Figure 6.9 in Chapter 6). The exposure to H O was done ex-sit# during fabrication, as
specified on the additional online methods. From the XRF measurements we obtain and
quantify a mass per area value, which we later convert to a molar value to compare the molar
ratio between I:Pb and Cs:Pb. It is important to consider that these values are comparable but
not quantitatively accurate, given that the top layers of Spiro-OMeTAD, and Au, will affect
the fluorescence signal. The main result from XRF-XBIC is the appearance of Cs-rich clusters
that are correlated with a decrease in induced current. We also observe a relative decrease in

I:Pb ratio after HoO/Air exposure, in line with the XRF results in Figure BS14.
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Figure CS18. Long-term stability of the solar cells of Cso17FAgs3Pbl; without and with a top layer of
PEAI stressed constantly over one-sun illumination in dry air. The results show the average (bold line)
of 16 devices with an area of 0.128 cm?, and the standard deviation (light line). a,b) Stabilized power
conversion efficiency (%) as a function of time in a) CsFA perovskite solar cell, and b) with PEAI-
treated. c,d) Current-density as a function of time in c) CsFA perovskite solar cell, d) PEAI-treated. e,f)
Voltage as a function of time in a e) CsFA perovskite solar cell, and f) PEAI-treated.
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Figure CS19. Long-term stability of the solar cells of Cso17FA¢s3Pbl; without and with a top layer of
PEAI stressed constantly over one-sun illumination in dry nitrogen (N2). The results show the average
(bold line) of 8 devices with an area of 0.128 cm?, and the standard deviation (light line). a,b) Stabilized
power conversion efficiency (%) as a function of time in a) CsFA perovskite solar cell, and b) with PEAI-
treated. c,d) Current-density as a function of time in c) CsFA perovskite solar cell, d) PEAI-treated. e,f)
Voltage as a function of time in a e) CsFA perovskite solar cell , and f) PEAI-treated.
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Figure CS20. Tauc-plots from UV-VIS absorption for the set of studied compositions.
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Figure CS21. Le Bail refinements from powder XRD at 300 K, compositions Cs 0 % and Br variations.
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Figure CS22. Le Bail refinements from powder XRD at 300 K, compositions Cs 5 % and Br variations.
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Figure CS23. Le Bail refinements from powder XRD at 300 K, compositions Cs 17 % and Br variations.
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Table CS2. Lattice Parameters from Le Bail refinements for compositions at 300 K.

Lattice Parameters

Br Phase Space group | a (A) b(A) c (A) alpha(®) beta(®) gamma(®)
cubic Pi3m 6350) 6350)  6.35(0) 90 90 90

5 4H P6,/ mme 881(6) 881©6) 14.73(0) 90 90 120
PbL, P3mi 4476(0) 4476(0) 6.87(5) 90 90 120

ceo | 10 cubic P 633(1)  633(1)  6.33(1) 90 90 90
2H P6,/ mme 872(8) 8728 7.85(0) 90 90 120

cubic P 6306) 630(6)  6.30(6) 90 90 90

17 oy P6,/ mme 873(1)  8.73(1) 90 90 120

4H P6,/ e 880(7) 880(7)  15.16(6) 90 90 120
tetragonal P4/ mbm 899(1)  899(1)  6.35(9) 90 90 90

0 2H PG/ mme 8.68(1) 8.68(1) 7.93(2) 90 90 120

delta Cs Pnma 10.46(7)  4.79(4) 17.7(1) 90 90 90

Cs5 | | cubic Pr3m 633(8) 6.33(8) 6.33(8) 90 90 90
PbL, P3nmi 43805 438(5) 6.81(8) 90 90 120

10 cubic Pil3m 6319) 63109  6.3109) 90 90 90

17 cubic Pil3m 6298)  629(8)  6.29(8) 90 90 90
tetragonal P4/ mbm 8.97(3) 8973)  6.32(7) 90 90 90

0 2y P6,/ mme 867(7)  8.67(T)  7.93(4) 90 90 120
delta Cs  Puma 104508) 4.80(3) 17.68(2) 90 90 90

tetragonal P4/ mbm 892(6) 892(6) 6.31(6) 90 90 90

5 4H P65/ mme 88309) 883(9)  15.19(0) 90 90 120
Cs17 delta Cs  Puma 10.42(6) 481(4)  17.41(0) 90 90 90
Lo cubic Pr3m 63008)  6.3008)  6.30(8) 90 90 90
delta Cs Puma 10.41(0) 4.80(0) 17.6(0) 90 90 90

cubic Pr3m 628(7)  6.28(7)  6.28(7) 90 90 90

17 4y P6,/ mme 8839) 88309) 15.19(0) 90 90 120
deltaCs  Puma 1043(5) 481(5)  17.40(8) 90 90 90
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C3.3  In-situ Low-Temperature Powder XRD
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Figure CS24. Complete set of in-situ XRD from 300 K to 23 K, Cs 0 % and Br variations. The perovskite
phases are marked with *, other peaks are from non-perovskite secondary phases.
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Figure CS25. Complete set of in-situ XRD from 300 K to 23 K, Cs 5 % and Br variations. The perovskite
phases are marked with *, other peaks are from non-perovskite secondary phases.
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Figure CS26. Complete set of in-situ XRD from 300 K to 23 K, Cs 17 % and Br variations. The perovskite
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Figure CS27. Temperature versus diffraction plots, in the range of phase transitions for all
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Table CS3. Temperature phase transitions

Temperature (K)

Br cubic-tetragonal  tetragonal- orthorhombic

Cs0 5 256 156
10 260 -
17 256 -

Cs5 0 >300 152
5 265 -
10 260 -
17 263 -

Cs17 0 >300 158
5 286 -
10 275 -
17 272 -
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Figure CS28. Temperature versus diffraction plots, in the range of
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