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ABSTRACT

Metal halide perovskite (MHP) compounds have emerged as promising candi-
dates for next-generation optoelectronic devices, offering exceptional photovoltaic and light-
emitting properties. The thesis explores hybrid organic-inorganic MHP thin films, employ-
ing cutting-edge multispectral synchrotron techniques to unveil micro-to-nanoscale hetero-
geneities and their relation to optoelectronic properties. The primary focus is manipulating
cesium (Cs) content within the composition, a key variable impacting structural and op-
toelectronic characteristics. Through commissioning and developing advanced techniques
such as X-ray ptychography, X-ray nanodiffraction, X-ray fluorescence, and X-ray Excited
Optical Luminescence, the study aims to provide unprecedented insights into the intricate
heterogeneity of hybrid perovskite thin films. A comprehensive investigation was conducted
on CsyFA| «Pb(Brj 3310.62)3 perovskite thin films, which exhibited a distinctive wrinkled mor-
phology, deposited on Mylar substrates, utilizing advanced the X-ray nanoscopy techniques
at the CARNAUBA beamline of SIRIUS source at the LNLS/CNPEM.

The challenges posed by focused X-ray beams causing damage to metal halide
perovskites were tackled through a comprehensive multi-technique approach. The irradiation-
induced damage predominantly affected iodine and organic components, reducing their rel-
ative quantity. The morphological transformation of the sample was observed, manifesting
as an excavated area with altered local optical properties, indicative of the formation of an
optically inactive metal layer. Intriguingly, the bulk of the material remained unchanged un-
der the excavated area, maintaining the initial halide proportion as evidenced by stable pho-
toluminescence emission energy. A strategic approach involved controlling both the beam
dose and the surrounding environment to mitigate the detrimental effects of the X-ray dose.
This entailed the combination of a precisely controlled X-ray dose with an inert N, atmo-
sphere, establishing conditions to probe properties while efficiently minimizing damage.

The investigation extended to diverse compositions of CsxFA; xPb(Brg 33l0.62)3,
x=10,20,30,40, emphasizing the relevance of the Mylar substrate as a cost-effective alterna-
tive for X-ray transmission techniques. The CARNAUBA beamline provides an X-ray nanobeam
with precise characteristics, facilitating simultaneous or correlative measurements of mor-
phology, chemical distribution, and optoelectronic response. X-ray fluorescence analysis
revealed heterogeneities in Br:Pb ratios correlated with the wrinkled morphology, providing
insights into stoichiometric variations at the micrometer to nanometer scale. X-ray excited
optical luminescence confirmed the impact of composition on the luminescence response,
emphasizing the role of Cs content in enhancing sample resilience to X-ray irradiation. Nan-

odiffraction experiments contributed valuable information on lattice parameters, while pty-



chography offered detailed insights into micro and nanoscale morphology and grain struc-
tures.

The comprehensive approach also employed non-synchrotron techniques, like
electron and atomic force microscope, photoluminescence, and infrared spectroscopy, shed-
ding light on the intricate interplay between composition, morphology, structure, and opto-
electronic properties in Cs-rich perovskite thin films. The work in this thesis paves the way
for advancements in the high-resolution imaging techniques of beam-sensitive materials for

future device applications.

Keywords: Metal halide perovskite, Organic-inorganic hybrid perovskite, syn-
chrotron, X-ray nanoprobe, Coherent diffraction, Ptychography, nanodiffraction, X-ray ex-

cited optical luminescence.



RESUMO

Os compostos de perovskita de haleto metélico (MHP) surgiram como candidatos
promissores para dispositivos optoeletronicos de proxima geracao, oferecendo propriedades
fotovoltaicas e de emissao de luz excepcionais. A tese explora filmes finos hibridos organico-
inorganicos de MHP, empregando técnicas sincrotron multiespectrais de ponta para reve-
lar heterogeneidades de micro a nanoescala e sua relacao com propriedades optoeletroni-
cas. O foco principal é a manipula¢do do contetido de césio (Cs) na composi¢do, uma var-
idvel chave que afeta as caracteristicas estruturais e optoeletronicas. Através do comissiona-
mento e desenvolvimento de técnicas avangadas, como pticografia de raios X, nanodifracao
de raios X, fluorescéncia de raios X e luminescéncia 6ptica excitada por raios X, o estudo
visa fornecer insights sem precedentes sobre a heterogeneidade intrincada de filmes finos
de perovskita hibrida. Uma investigacao abrangente foi conduzida em filmes finos de per-
ovskita CsyFA; xPb(Bry 3glo62)3, que exibiam uma morfologia enrugada distinta , deposita-
dos em substratos Mylar, utilizando técnicas avancadas de nanoscopia de raios X da linha
de luz CARNAUBA da fonte SIRIUS do LNLS/CNPEM.

Os desafios colocados pelos feixes de raios X focados que causam danos as per-
ovskitas de iodetos metdlicos foram enfrentados através de uma abordagem multitécnica
abrangente. Os danos induzidos pela irradiacdo afetaram predominantemente o iodo e os
componentes organicos, reduzindo sua quantidade relativa. Foi observada a transformacao
morfolégica da amostra, manifestando-se como uma 4rea escavada com propriedades 6p-
ticas locais alteradas, indicativo da formagdao de uma camada metélica opticamente inativa.
Curiosamente, a maior parte do material permaneceu inalterada sob a drea escavada, man-
tendo a proporcao inicial de haleto, conforme evidenciado pela energia estdvel de emissao
de fotoluminescéncia. Uma abordagem estratégica envolveu o controle da dose do feixe e do
ambiente circundante para mitigar os efeitos prejudiciais da dose de raios X. Isso implicou
a combinacdo de uma dose de raios X controlada com precisdo com uma atmosfera inerte
Ny, estabelecendo condi¢des para sondar as propriedades e, ao mesmo tempo, minimizar
os danos de forma eficiente.

A investigacdo estendeu-se a diversas composi¢coes de CsxFA; xPb(Bry33lp.62)3,
x=10,20,30, 40, enfatizando a relevancia do substrato Mylar como alternativa econémica
para técnicas de transmissdo de raios X. A linha de luz CARNAUBA fornece um nanofeixe
de raios X com caracteristicas precisas, facilitando medicoes simultaneas ou correlativas de
morfologia, distribuicdo quimica e resposta optoeletronica. A anélise de fluorescéncia de
raios X revelou heterogeneidades nas proporcoes Br:Pb correlacionadas com a morfologia

enrugada, fornecendo insights sobre variages estequiométricas na escala micrométrica a



nanométrica. A luminescéncia 6ptica excitada por raios X confirmou o impacto da com-
posicdo na resposta de luminescéncia, enfatizando o papel do conteido de Cs no aumento
daresiliéncia da amostra a irradiacdo de raios X. Experimentos de nanodifracao contribuiram
com informacdes valiosas sobre os parametros da rede, enquanto a pticografia ofereceu in-
sights detalhados sobre a morfologia e estruturas de graos em micro e nanoescala.

A abordagem abrangente também empregou técnicas nao sincrotron, como mi-
croscopio eletronico e de for¢ca atdmica, fotoluminescéncia e espectroscopia infravermelha,
langando luz sobre a intrincada interacdo entre composicao, morfologia, estrutura e pro-
priedades optoeletronicas em filmes finos de perovskita ricos em Cs. O trabalho nesta tese
abre caminho para avancos nas técnicas de imagem de alta resolu¢do de materiais sensiveis

ao feixe para futuras aplica¢oes de dispositivos.

Palavras-chave: Perovskita de iodetos metélicos, Perovskita hibrida orgéanica-
inorganica, sincrotron, nanossonda de raios X, Difracdo coerente, Pticografia, nanodifracgdo,

luminescéncia 6ptica excitada por raios X.
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CHAPTER 1

INTRODUCTION

Inrecentyears, metal halide perovskite (MHP) materials have emerged as promis-
ing candidates for next-generation optoelectronic devices, offering exceptional photovoltaic
and light-emitting properties. This thesis embarks on a comprehensive exploration of hy-
brid organic-inorganic MHP thin films, employing cutting-edge multispectral synchrotron
techniques to unveil micro to nanoscale heterogeneities within the samples. The primary
focus is manipulating cesium (Cs) content within the composition, a key variable impact-
ing the material’s structural and optoelectronic characteristics. Through the commissioning
and development of advanced techniques such as X-ray ptychography, X-ray nanodiffrac-
tion (nXRD), X-ray fluorescence (XRF), and X-ray Excited Optical Luminescence (XEOL), this
study aims to provide unprecedented insights into the intricate heterogeneity of hybrid per-
ovskite thin films.

Incorporating cesium in hybrid perovskite compositions introduces a dynamic
dimension to the material’s properties, influencing its crystalline structure, electronic be-
havior, and overall performance. As we delve into the micro-to-nanoscale regime, the mul-
tispectral synchrotron techniques, including ptychography and nanodiffraction, enable the
high-resolution imaging and mapping of structural features. Additionally, XRD facilitates the
analysis of crystallographic phases, while XEOL offers a unique window into the luminescent
properties of these materials. The investigation spans the entire thin film spectrum, from
macroscopic compositional variations to the intricate details of localized heterogeneities.

Throughout this thesis, the concurrent development and application of these
state-of-the-art synchrotron techniques will not only deepen our understanding of hybrid
perovskite thin films but will also contribute to the refinement of experimental methodolo-
gies in the field of advanced materials characterization. By elucidating the impact of cesium
content on the micro to nanoscale heterogeneities, this research endeavors to propel the op-
timization and design of hybrid perovskite materials for enhanced performance in a myriad
of optoelectronic applications.

In the inaugural chapter of this thesis, a revision exploration into the perovskites
realm is undertaken, providing a comprehensive overview of the current status of hybrid per-
ovskite materials. This chapter will delve into the nuanced properties tunable through halide

composition, shedding light on the intricate interplay between structural variations and op-
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toelectronic characteristics. Furthermore, a focused examination of the cesium (Cs) effect
will be presented, specifically addressing its impact on stability and morphology within hy-
brid perovskite thin films. This foundational chapter aims to establish a robust understand-
ing of the material system under investigation, laying the groundwork for subsequent anal-
yses and interpretations.

Moving forward, the second chapter introduces the intricate world of synchrotron
technology and techniques, unveiling the experimental setup that forms the backbone of
this study. Synchrotron radiation provides unparalleled capabilities for probing materials at
the nanoscale, and this chapter elucidates the specifics of how ptychography, nanodiffrac-
tion, XRD, and XEOL are harnessed to extract valuable insights from hybrid perovskite thin
films. The aim is to provide readers with a clear understanding of the advanced synchrotron
methodologies employed throughout the subsequent experimental chapters.

The third chapter embarks on a methodological investigation into beam damage,
a critical consideration when employing synchrotron techniques for material characteriza-
tion. This chapter will systematically explore the beam’s impact on samples with a chosen
composition, different from the main composition of the work, delving deep into the intrica-
cies of beam-sample interactions. The goal is to unravel the effects of the beam on structural
and optoelectronic properties, ultimately determining the optimal experimental conditions
to mitigate beam-induced alterations.

The fourth chapter unfolds the culmination of this research effort, presenting the
actual experiments conducted at the synchrotron facility. The focus will be on hybrid per-
ovskite thin films with varying Cs content, allowing for the systematic analysis of micro to
nanoscale heterogeneities. In the Appendixes, the characterization spectrum is broadened,
encompassing non-synchrotron techniques to complement, reinforce, and corroborate the
findings derived from the advanced synchrotron methodologies. This holistic approach en-
sures a robust and comprehensive exploration of the hybrid perovskite materials, contribut-
ing to the evolving landscape of advanced materials research. The fifth chapter discusses the

overall outcomes of the thesis and presents some prospects.
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CHAPTER 2

HYBRID METAL HALIDE PEROVSKITES

The modern lifestyle and the increase in world population have dramatically
increased the energy demand, pushing the development of new energy sources, such as
sunlight, biomass, geothermal resources, water, and wind. Among new photovoltaic ma-
terials for sunlight harvesting, metal halide perovskites (MHP) (ABX3, where A=CH;3;NH?*",
CH(NH,)?* or Cs, B=Pb?*, X=1" or Br) (Figure 2.3) are the most promising for solar cells and
detectors owing to their low processing cost, [5] easy fabrication, [6] [7] [8] high-power con-
version efficiency, [9] [10] and high scintillation yield. [11] [12] [13] Despite that, several as-
pects of morphology, chemical composition, and optoelectronic properties are to be uncov-
ered from the micro to the nanoscale in order to understand and better harness these mate-
rials properties. [2] [14] To fill these holes in the knowledge about the hybrid perovskites, the
synchrotron techniques are very promissing tools to investigate the physics and chemistry
involved in this family of materials, from its fundamental properties [15], interaction and re-
sponse to different forms of radiations [16], synthesis methods and their dynamics [17] [18],
and behaviour during in situ and in operando [14] conditions. Figure 2.1 depicts this con-
cept.

With the arising of the new 4™ generation synchrotron light sources [19] and its
inherent high brilliance and coherence, a huge number of new techniques and possibilities
to apply already well established techniques, that were until this moment unachievable in

some spatial and temporal scales, are now available for use.
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Figure 2.1: Synchrotron characterization of Halide perovskites. Adapted from: [1]
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2.1 Photovoltaic hybrid metal halide perovskite

The hybrid halide perovskites (PVSK) are being considered as one of the most promising can-
didates for a cheap and efficient material to the role of charge absorbers or charge donors to
be applied in photovoltaic and LED devices. The main features of this class of materials are:
the relatively high tolerance to defects, the long carrier diffusion lengths, the slow recom-
bination rate when compared to the energy relaxation rate within each band, the sharp ab-
sorption onset [20] and the high tunability of the bandgap, over the range 1.6 - 2.3 eV with the
substitution of the I” (iodine) in the X-site by Br~ (bromine) (the band-gap value increases
with increasing the proportion Br:I) [21]. In fact, this last attribute makes the PVSK not only
a reasonable but also a very versatile material for the applications in both narrower band-
gaps single-junction and larger band-gaps tandem solar cells. One of the main drawback
of PVSK with respect to the conventional Silicon based solar cells is the photo-structural-
chemical instability. Hoke’s group noted that under illumination, the PVSK segregates into
higher band-gap (rich in Br) and lower band-gap (rich in I) regions [22]. This segregation
is attenuated with the substitution of the organic part in the A-site by Cs, which has shown
to optically stabilize the perovskites [23]. This effect has been heavily studied by groups in
different working conditions [24] [25] [26].

(b)

Figure 2.2: Perovskite strucutre. (a) General ABX3 perovksite strucuture. (b) Hybrid perovksite unity cell of
FAPbI;. Adapted from: [2]

In the early stages of research, hybrid metal halide perovskites were primarily
studied for their potential in solar cells. Their unique crystalline structure and favorable
optoelectronic properties contributed to a rapid surge in photovoltaic efficiency. [27] [28]
This efficiency evolution has been particularly noteworthy, with perovskite-based solar cells
achieving efficiency levels that rival traditional silicon-based counterparts. [29] The ease of
fabrication and cost-effectiveness further fueled the interest in perovskite solar cells. [30]

Beyond solar cells, the versatility of metal halide perovskites became evident
as researchers explored applications in lasers and detectors. Their excellent light-emitting

properties make them promising candidates for optoelectronic devices. [31] [32] Perovskite
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lasers have shown potential for applications in communication and imaging, while perovskite-
based detectors have demonstrated sensitivity across the electromagnetic spectrum. [33]

However, this rapid progress has been accompanied by challenges and limita-
tions. Stability issues have been a persistent concern, with metal halide perovskites exhibit-
ing sensitivity to moisture, temperature, and light. [16] [34] [35] [36]Addressing these stability
issues is crucial for the commercial viability of perovskite-based technologies.

The importance of stability becomes particularly pronounced in the context of
their application in solar cells. While perovskite solar cells exhibit exceptional efficiency,
concerns about long-term stability and degradation mechanisms need resolution for widespread
adoption. Researchers are actively engaged in developing strategies to enhance the stability
of perovskite materials, ranging from encapsulation techniques to novel material formula-
tions. [37] [38]

The journey of metal halide perovskites from early research stages to multifaceted
applications is a testament to their exceptional properties. The evolution in efficiency, cou-
pled with applications in solar cells, lasers, and detectors, underscores their versatility. How-
ever, challenges in stability must be overcome for these materials to fulfill their promise of
revolutionizing various technological landscapes. The ongoing efforts to solve these chal-
lenges will play a pivotal role in determining the enduring impact of metal halide perovskites
in the realm of advanced materials and devices.

Perovskite structures (Figure 2.3), notably ABX3, where A and B are cations and X
is an anion, exhibit a distinctive crystal lattice that offers remarkable versatility in electronic
and optical properties. In the context of hybrid perovskites, the A-site is typically occupied
by an organic cation like methylammonium (MA) or formamidinium (FA), and the B-site is
usually occupied by a metal cation, such as lead (Pb). The organic cations contribute to the
unique electronic and optical characteristics of hybrid perovskites, enabling tunability for
various applications. The organic-inorganic coupling in these materials provides advantages
in terms of bandgap engineering, making them particularly appealing for optoelectronic de-

vices.

2.2 Compositional control for properties optimization

Compositional control is a pivotal consideration in the optimization of hybrid metal halide
perovskites (MHPs) for diverse applications. The choice of halide ions—iodide, bromide,
or chloride—profoundly influences the electronic structure, dictating the bandgap and ab-
sorption characteristics of MHPs. Halide mixing provides a dynamic avenue for composi-
tional control, allowing precise adjustments in the ratio of different halides to finely tune
the perovskite’s properties, particularly its bandgap. [39] Transitioning from smaller to larger
halides, such as from iodide to bromide, induces a red-shift in the absorption spectrum.

This results in a decreased bandgap, altering the optical and electronic properties of the



2. Hybrid metal halide perovskites

X-ray .
Fluorescence (XRF)
s & ,"
iy Fluorescent photons .. X-ray
LL 5 . Diffraction (XRD)
) L

Elastically-scattered photons

Nanofocusing Optics

c Ptychography

Z
0))) I———
=

& Phicta aleetsns Forward-scattered photons

X-ray Photoemission

SEEIEI M OREony T X-ray Excited Optical

(X'P.EEM) Excited e-h* pairs f gég luminescence (XEOL)

IKEE, Radiative photons

hv X-ray Beam Induced

H* Current (XBIC)

Figure 2.3: X-ray synchrotron techniques for halide perovskites. Reproduced from: [2].



2. Hybrid metal halide perovskites 29

perovskite. However, maintaining the correct stoichiometry is paramount in compositional
control. Deviations from the ideal cation-to-halide ratio can lead to phase segregation, im-
pacting overall performance. [21]

Researchers explore the concept of graded bandgap layers by introducing a grad-
ual change in halide composition within a single perovskite film. This approach creates
multiple bandgaps within the same material, enhancing its versatility in light absorption
and energy conversion. Compositional control is intricately linked to phase transitions in
MHPs. Understanding these transitions is crucial for optimizing material properties and en-
suring stability under varying conditions. However, achieving specific optical and electronic
properties often involves trade-offs. While certain halide compositions may enhance light
absorption, they could simultaneously impact the material’s stability. Researchers navigate
these trade-offs to find optimal compositions for targeted applications. [40]

The stability of MHPs is a central concern linked to compositional control. Changes
in halide composition can influence the material’s structural integrity and performance over
time. Thus, balancing the quest for improved properties with material stability is a constant
consideration in the pursuit of tailoring hybrid metal halide perovskites for effective appli-

cations. [40]

2.3 The halide proportion effect

Halide mixing is a sophisticated strategy extensively employed in the realm of hybrid per-
ovskite materials to meticulously control and optimize their electronic properties, with a
primary focus on bandgap tuning. This approach enables a continuous and precise adjust-
ment of the bandgap across a broad energy spectrum. Typically, transitioning from bromine
(Br-) to iodine (I-) in the perovskite composition induces a red-shift in the absorption spec-
trum, leading to a corresponding decrease in the bandgap. [21] This fine-tuning capability
is instrumental in tailoring perovskite materials for specific applications, such as solar cells
and light-emitting devices. [40]

In the context of halide mixing, the balance between achieving desired optical
and electronic properties is critical. While the red-shift in absorption enhances sunlight
capture in solar cells, maintaining optimal charge transport properties is equally essential
for efficient device performance. Hybrid perovskites with mixed halides, often referred to
as mixed-halide perovskites, have gained prominence due to their superior stability and en-
hanced optoelectronic properties compared to their single-halide counterparts. [40]

The substitution of halide ions in hybrid perovskites induces a profound impact
on the orbital superposition of the constituent elements, subsequently altering the band
structure of the material. This phenomenon is rooted in the electronic interactions between
the metal cations and halide anions within the perovskite lattice. [41]

The electronic structure of a perovskite is essentially determined by the energy
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levels and spatial distribution of its orbitals. Different halides possess distinct electronega-
tivities and atomic sizes, leading to variations in the nature of their chemical bonds with the
metal cations. This halide-dependent interaction influences the degree of orbital overlap
between the metal and halide atoms. [42]

As the halide is changed, the orbital superposition between the metal and halide
atoms adjusts. For example, transitioning from smaller to larger halides, such as from iodide
to bromide, results in an increased spatial overlap of orbitals. This altered orbital superpo-
sition directly affects the electronic configuration of the material. In essence, the tunability
of the band structure through halide substitution provides a versatile means to engineer the
electronic properties of hybrid perovskites. This understanding of the intricate interplay be-
tween orbital superposition and band structure is pivotal for designing perovskite materials
with optimized functionalities. [41]

Researchers also explore gradient compositions, where the halide content varies
gradually across the perovskite film. This results in a gradient bandgap within the material,
contributing to improved light absorption and charge collection efficiency. However, the
impact of halide mixing on the structural stability of the perovskite must be considered, as
certain compositions may lead to phase segregation or undesirable crystal structures, affect-
ing long-term stability. [43]

Despite its powerful capabilities in bandgap engineering, challenges related to
material stability, reproducibility, and scalability persist. Ongoing research is dedicated to
addressing these challenges to fully unlock the potential of mixed-halide perovskites and

propel advancements in solar cell and optoelectronic technologies. [40]

2.4 Csincorporation for perovskite stability

Cesium (Cs) plays a pivotal role in metal halide perovskites, exerting a multifaceted influ-
ence on their properties with profound implications for stability. One of the pronounced
positive effects of Cs incorporation is the observed improvement in the stability of perovskite
structures. The introduction of Cs in the A site has been associated with an increased resis-
tance to environmental factors such as moisture, heat, and light, thereby contributing to the
longevity and durability of perovskite-based devices, especially in critical applications like
solar cells.

In addition to its stabilizing role, Cs has proven effective in reducing ion migra-
tion within the perovskite lattice and inhibts the formation of the hexagonal phases leading
to the improvement of devices [44] [45]. This reduction is particularly significant in mitigat-
ing performance degradation and hysteresis, a common challenge faced by perovskite solar
cells. By curbing ion migration, Cs incorporation aids in maintaining the structural integrity
and electronic properties of the perovskite material over extended periods, enhancing the
overall operational efficiency of devices.



2. Hybrid metal halide perovskites 31

Moreover, the presence of Cs in perovskites holds promise in enhancing the struc-
tural tolerance factor. [46] The Goldschmidt tolerance factor [47] (t) is a key parameter in

perovskite structures that affects their stability and properties. It is a ratio that considers
Rs+Rx

V2(Rp+Rx)’

ionic radii of A, B and X ions, as shown in Figure 2.3, respectively. The tolerance factor pro-

the sizes of the A, 'B,” and "X’ ions, calculated as t = where, R4, Rg, Rc are the
vides insight into the distortion of the perovskite structure from an ideal cubic shape. [48]
This modification contributes to the stabilization of the crystal structure, reinforcing the im-
proved stability observed in Cs-containing perovskites. [25] [49] [50] However, finding the
optimal balance of Cs content is crucial, as excessive amounts may lead to phase instabili-
ties, a consideration that warrants careful attention in material design to avoid compromis-
ing the long-term structural and functional integrity of the material. Literature commonly
indicate that tolerance factor value must be in the range of 0.813 < t < 1.107 for ideal cubic
structures or a distorted perovskite structure with tilted octahedra. [51] Outside this range,
the perovskite is no longer considered stable.

Furthermore, the impact of Cs on the bandgap of perovskites is a critical aspect to
explore. Cs incorporation can induce changes in the bandgap, potentially affecting the opti-
cal properties of the material. Managing this bandgap shift becomes pivotal in maintaining
the desired properties for specific applications. Careful consideration and optimization of Cs
content are essential to harness its stabilizing benefits while mitigating potential drawbacks,
ensuring that perovskite materials meet the demands of diverse technological applications.

In summary, Cs demonstrates a multifaceted influence, playing a dual role in en-
hancing the stability of metal halide perovskites. Through mechanisms like improved stabil-
ity, reduced ion migration, and enhanced structural tolerance factor, Cs incorporation holds
significant promise for advancing the reliability and longevity of perovskite-based devices,
reaching the optimal value for devices performance between 5% and 10% in the Cs con-
tent. [26] [52] [53] Ongoing research endeavors focus on fine-tuning these effects, providing
valuable insights for optimizing Cs content tailored to specific practical applications in the

field of solar energy and beyond.

2.5 Corrugations in the morphology

The incorporation of a substantial amount of cesium (Cs) in metal halide perovskites dur-
ing the annealing process induces a fascinating phenomenon—wrinkling or corrugation in
the material that is a intrinsic property for Cs-rich perovskites. This occurrence arises as a
consequence of strain relief mechanisms activated during the annealing process. The large
presence of Cs introduces structural perturbations, leading to a dynamic interplay between
the perovskite lattice and the stress generated during the annealing phase. [54]

As Cs atoms become integral components of the perovskite structure, their incor-

poration induces local distortions and alterations in the crystal lattice. These modifications
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trigger strain within the material, and during annealing, the perovskite undergoes a process
of self-adjustment to relieve this strain. The formation of wrinkles or corrugations emerges
as a visible manifestation of this strain relief mechanism.

The intricacies of this phenomenon are tied to the unique interactions between
Cs and the perovskite matrix. The strain relief process becomes particularly pronounced
when a significant quantity of Cs is introduced. The resulting corrugated morphology can
have implications for the material’s optoelectronic properties and its performance in de-
vices. Comparing the cation in the A site of the perovskite structure, involving formami-
dinium (FA), methylammonium (MA), and Cs, the varying ionic radii of these cations play
a crucial role. Cs, having a smaller size compared to FA and MA, [26] introduces additional
strain and distortions to the lattice. This difference in cation size contributes to the observed
wrinkle formation during annealing, as different size in the cations may require more exten-
sive lattice adjustments, leading to the distinctive corrugated morphology. [54]

Understanding the dynamics of wrinkle formation in Cs-rich metal halide per-
ovskites is not only scientifically intriguing but also holds practical significance. The ability
to manipulate and control these structural features during the annealing process could open
avenues for tailoring the properties of perovskite materials for specific applications, provid-
ing insights into the delicate balance between strain, Cs incorporation, and the resulting
morphological characteristics. [54] Ongoing research in this area seeks to elucidate the un-
derlying mechanisms and optimize the annealing conditions for the controlled development
of wrinkles in Cs-containing perovskites, offering valuable contributions to the evolving field
of perovskite-based technologies. [55] [45]
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CHAPTER 3

SYNCHROTRON LIGHT AND TECHNIQUES

The interaction of the X-ray with matter is composed of a rich variety of responses.
But no matter the energetic range of the spectra, the manifested phenomena of their in-
teraction are scattering, absorption, and, eventually, decay processes. The x-ray spectra go
from the photon energy (E) of approximately 100 eV up to 1 MeV., which corresponds to a
wavelength (1) range of 124 A down to 0.01 A, respectively. [56] This relation is given by the
identity:

E=hv=hc/A, (3.1)

in which, / = 6.626 x 10734 Js is Planck’s constant, v is the frequency of the radi-
ation in Hz, ¢ = 2.9979 x 10® m/s is the speed of light in vacuum, and A is the wavelength of
light. In practical numbers one can write: E[keV] =12.398/ AIA]. [56]

X-rays interacting with the material can undergo elastic (Thomson) or inelastic
(Compton) scattering or be absorbed, resulting in the emission of electrons or lower-energy
photons. If none of these interactions take place, the photon transmits through the sam-
ple. All this process (P) has a probability to occur, depending on the energy and the elec-
tronic density that can be mathematically calculated through the cross-section (o p) of each
of these processes. These basic processes lead to the available techniques used to study mat-
ter. [56]

The generation of light through the acceleration of particles is a fascinating inter-
play of fundamental physics and cutting-edge technology. At the heart of this process lies the
use of particle accelerators, where charged particles, typically electrons, are accelerated to
relativistic speeds. As these high-energy electrons traverse curved trajectories within strong
magnetic fields, they emit electromagnetic radiation known as synchrotron radiation. This
phenomenon finds extensive applications in various scientific disciplines, from fundamen-
tal research in particle physics to advanced imaging techniques in medicine and it provides
the most essential tool for this work. The main points about the synchrotron radiation gen-

eration and related technology is described Appendix C.
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3.0.1 Carnaubabeamline

The inception of the CARNAUBA beamline project dates back to 2015 when the initial con-
ceptual design report was formulated, followed by the conclusive design in 2017, signaling
the commencement of primary instrumental advancements. The assembly phase coincided
with the SARS-Covid-19 pandemic in 2020, the beginning of the doctorate period. The beam-
line underwent technical and internal scientific commissioning from November 2020 to Oc-
tober 2021. By October 2021, it welcomed external users for scientific commissioning exper-
iments. Presently, the beamline is fully operational for standard proposal submissions.

CARNAUBA is among the first-phase beamlines at Sirius-LNLS [57]. It is meticu-
lously designed to maximize the brilliance of the synchrotron source by converging the beam
to the diffraction limit while retaining a substantial portion of the photon flux emitted by
the undulator. An all-achromatic mirror-based optics system facilitates the generation of a
nano-focused beam for raster-scanning the sample (Figure 3.1) [58]. A side-bounce cylindri-
cal mirror (M1) positioned at 27 m focalizes the undulator source (at 0 m) onto a secondary
source aperture (SSA) device at 54 m. The SSA, in turn, trims part of the horizontal emission,
optimizing the compromise between flux and coherent fraction, thereby influencing spatial
resolution. The scattered beam from the SSA slabs is captured by two opposing photodi-
odes, forming an X-ray beam position monitor (XBPM) system. This setup ensures control
over the horizontal beam position at the SSA aperture with a precision of a few micrometers.
The photodiode output guides the steering of the beam through the pitch control of the M1
mirror [59]. Post SSA, the beam retro-reflects to the original direction via the second side-
bounce flat mirror (M2). A KB (Kirkpatrick-Baez) mirror system [60] achieves the final focus
at one of the experimental stations, involving four reflections of the original beam (three in
the horizontal and one in the vertical planes). The first two mirrors are coated with Rh, Si,
and Ni stripes, while the KB mirror is coated with Ni. The beamline functions in pink (high
flux) or monochromatic (high energy resolution) beam modes. The latter is facilitated by
a 4-side-bounce Si(111) crystal monochromator (4CM) [61], providing a resolving power of
E/AE ~10000 across the entire energy spectrum. In contrast, the high-flux mode, achieved
by setting the Bragg angle to zero and laterally sliding the monochromator by 2 mm, results
in a bandpass of a few percent, leading to a four-order magnitude gain in flux. The transition
between modes requires only a few minutes without altering focus conditions. Except for
the KB mirrors, all critical optical elements are cryogenically cooled to ensure efficient heat
load dissipation and thermo-mechanical stability [62].

The beamline accommodates two in-line workstations (Figure 3.1 — insets) sit-
uated at two hutches, positioned on separate floor slabs with special foundations and air-
conditioning temperature control, maintaining approximately + 0.05 °C around 24 °C. Given
the extended distances from the insertion device to the stations and the minute beam sizes,

the mechanical stability of all optomechanical systems along the beamline is of utmost im-
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portance. Vibration concerns were addressed through measurements affirming remarkable
floor stability, showcasing integrated displacements between 2 and 450 Hz from 5 to 15 nm
RMS (root mean square) in XYZ. Simultaneously, relative measurements over the extended
distances demonstrated values below 10 nm RMS, partly constrained by sensor noise [63].

The first nanoprobe station, TARUMA (Tender to hArd x-ray foR sUb-Micro Anal-
ysis) [64] [3], boasts a substantial working distance of 450 mm, facilitating diverse sample
environments for in situ, operando, in vivo, and cryogenic conditions. The second station,
SAPOTI (Scanning Analysis by PtychO for Tomographic Imaging) [65], is designed to oper-
ate under high vacuum at cryogenic conditions to enhance spatial resolution and is antici-
pated to commence operations in early 2024. Both stations are tailored for combined multi-
analytical X-ray techniques, encompassing XRD, XRE XAS, XEOL, XBIC, forward ptychogra-
phy, and Bragg CDI.

TARUMA @ 136 m

Environmental station

Fluorescence

T,

Luminescence

Transmitted

SAPOTI @ 142 m

~ . . .
Scattered In vacuum criogenic station

Figure 3.1: Carnatiba beamlin, showing the main optical components and the two experimental stations. Re-
produced from: [3]

3.1 Synchrotron techniques

3.1.1 X-ray fluorescence - XRF

The x-ray absorption by the materials occurs in a discrete and well defined way, given the
electronic distribution of the energy levels in the atom, just after the matter is hit by a pho-
ton with enough energy to surpass the biding energy of the electron to the nucleus. When

this happens, the electron is removed from the atom, causing and abrupt increase in the
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absorption of the material. This threshold energy from which the absorption increases is
called absorption edge of the shell from which the electron was expelled. Since the ener-
gies in which the electron is absorbed is unique for each element, the absorption edge is a
distinctive property that identify each element. That is the principle of the x-ray absorption
spectroscopy.

As soon as an electron from an inner shell of the atom is knocked out by the suf-
ficiently energetic photon, an electron from a more exterior shell fills the vacancy left by the
expelled one. In doing this transition from the outer to the inner level emits a photon with a
characteristic energy, that is the difference between the energy levels, that corresponds to the
fluorescence spectra of the inner level of energy. Consequently, the outer level is empty, and
an electron from an even more exterior level fills this new vacancy, creating, subsequently,
another emission series, as shown in Figure 3.2. Since the configuration of the energy lev-
els in an atom is specific for an element, the fluorescence spectra are characteristic for each

element and, because of this, it is experimentally used for chemical identification.
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Figure 3.2: Energy level diagram and corresponding transitions. (b) X-ray absorption coefficient

Exploiting this process of photon-in-photon-out phenomena, one can scan the
sample with a probe with dimensions smaller than the region of interest in a sample and ac-
quire at each point fluorescence emission spectra. One example of a typical acquisition per-
formed with this technique is shown in Figure 3.3, in which a Au Siemens standard (Applied
Nanotools Inc.) was scanned with a 500(H) x 200(V) 12 keV beam at Carnatba beamline.
The summed spectra from the whole scan are shown in Figure 3.3.a with the emission lines
of all the elements excited with the excitation energy. Figure 3.3 indicates the elastic scatter-
ing that emerges from the sample with the same energy similar to the incoming beam [56]
and, just below, the inelastic Compton scattering [66] mostly due to the SizN, substrate. The
peaks below in energy correspond to the fluorescence emission lines characteristic of the
elements in the sample. Figure 3.3.b shows a fit performed in the fluorescence spectra from
the region of 2500 eV up to 10300 keV (the Au-Lp at 11442.3 keV was not included) using the

software PyMCA [67]. One can observe the major presence of Au, corresponding to the 700
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Fluorescence emission lines
Atomic number | Element | Edge (eV) Emission (eV) Excitation energy (eV)
82 Pb 2484 (M5) | 2345 7000
53 I 4557 (L3) | 3937 | 3926 | 4220 10000
55 Cs 5012 (L3) | 4286 | 4272 | 4620 10000
82 Pb 13035 (L3) | 10551 | 10450 | 12613 14000
35 Br 13474 (L3) | 11924 | 11877 | 13291 14000

Table 3.1: Fluorescence emission lines

nm deposited as the standard, and Cr deposited as the adhesion layer for Au over the Si. The
second highest peak corresponds to Ar in the air ( Ko and Kf in 2957.7 eV and 3190.5 eV
respectively). The minor elements (Fe, Cu, Ti, Ni, Mn) are attributed to the contamination
signal from the experimental setup. Selecting a small fraction of the spectra corresponding
to the emission lines and plotting the spatial distribution of the intensity of this region of
interesting (ROI) in energy, one has the elemental distribution, what can be seen in Figure
3.3.c and .d for the Ar and Au fluorescence emissions. The ROI for the Ar was between 2080
eV and 3080 eV (green filled square in Figure 3.3.b), while the Au was between 9500 eV and
9800 eV (green filled square in Figure 3.3.b). The Ar spatial distribution is homogeneous,
while the Au corresponds to the radial Siemens star pattern from the standard. All the flu-
orescence maps presented in this manuscript will follow the same procedure for analysis,
with the energy of the emission lines and the ROIs will be explicit in the text, and the spectra
will be summarized in Appendix D.

A fundamental property from the fluorescence signal is the fluorescence yield or
fluorescence quantum yield which is the efficiency of fluorescence emission, roughly de-
fined as the ratio of the number of fluorescent photons emitted to the number of incident
photons absorbed by the material. Mostly it is determined by the element’s intrinsic proper-
ties (cross section for a given absorption) and the energy of the excitation source. As the ex-
citation energy increases, the cross-section for absorption edges at lower energies decreases.
In simpler terms, this implies a reduced probability for transitions associated with lower en-
ergy absorption edges. Consequently, the fluorescence signal corresponding to these transi-
tions becomes weaker compared to situations where the excitation energy is lower but still
above the absorption edge, allowing the transition to occur more readily. [68] Other intrin-
sic factor is the probability of each transition to happen once it satisfies the selection rules
from the quantum mechanics. [68] The fundamental details of these factors will not be dis-
cussed here. However, it raises the necessity to optimize the experimental conditions for the
measurement of each element. The fluorescence lines in the perovskites that can be reached
with Carnatiba beamline are summarized in Table 3.1 and the optimal excitation energies

used for reaching the adequate statistics in the maps of each element are indicated.
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Figure 3.3: Fluorescence data. (a) Representative spectra of the Siemens star indicating Compton scattering
and the elastic scattering (b) the fluorescence peak fit. (c) Ar fluorescence map (ROI integrated between 2080

eV and 3080 eV). (d) Au fluorescence map (ROI integrated between 9500 eV and 9800 e)
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3.1.2 X-ray nanodiffraction - nXRD

The Bragg Law, formulated by the father-son duo William Henry Bragg and William Lawrence
Bragg, is a fundamental principle in crystallography that describes the conditions for con-
structive interference of X-rays or neutrons scattered by a crystal lattice. According to this
law, the path difference between waves scattered by crystal planes must be a multiple of the
wavelength for constructive interference to occur [69], as depicted in Figure 3.4. Formally
it relates the distance between the crystalline planes that are reflecting the incoming beam

(%i ») and outcome (%Ou ¢) x-ray beams in the direction where a constructive interference will

happen:
20
AIZdhlein(?). (3.2)
Or even more generally:
— 18| =2/ Fsi (29)_471 ) (29) (3.3)
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Figure 3.4: Illustration of Diffraction Condition in a Crystal Lattice.

What is known as Laue’s equation, where one can relate d = 27/ q.

In a conventional X-ray diffraction (XRD) experiment made in synchrotrons or
tabletop equipment, usually, at a fixed energy, the incidence angle 0 of the beam at the sur-
face of the sample is changed, and the detector goes to the correspondent 20 position. The
different points in which the diffraction signal appears are evidence of the interplanar dis-
tance between different families of planes at the crystal lattice. Other variations as poly-

crystalline samples in which the sample can be at a fixed position and only the detector
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moves, and even rotating samples when the polycrystal is randomly oriented. Not only this
average interplanar spacing can be evaluated from this kind of analysis over the sections
of the diffraction ring on the detector (Figure3.5.a), but, one can also know average strain,
average size of grains, crystalline phases, preferred crystal orientations (texture), and crys-
tallinity. [69] [70]

In the nanodiffraction, however, the crystalline structure distributions in materi-
als are addressed with a spatial resolution of (hundreds to tens of) nanometers. [71] In this
configuration, the x-ray probe crosses the sample acquiring the diffraction peak averaging
only a small volume corresponding to the nanobeam interaction with each scanned point,
making it possible to visualize the local variation in, for example, crystallinity, lattice param-
eter, texture, defects, between grains and gradients within grains larger than the nanobeam.
The data analysis is in some sense similar to conventional diffraction, once the center of
mass of the speckle encodes the information of the local lattice parameter as illustrated in
Figure 3.5.b. The speckle’s shape can give insightful information also about defects [72], sym-
metry, and morphology [73]. When the scattering crystallite is much larger than the beam
the kinematics effects dominate. [74]

Figure 3.5 illustrates the principle in which a beam with dimensions smaller than
the crystallites in the sample scans a region of interest. When the probe reaches a region of
the sample with crystalline planes well oriented for the incident wavelength with respect to
the Laue equation (Eq. 3.3), it produces a speckle in the area detector at the corresponding
point in the reciprocal space. The fraction of the reciprocal space corresponding to the de-
tector area is calculated as modeled in Appendix E and the speckle position is correlated to
the angular position (scattering and azimuthal angles, 26 and ¢ - Appendix F). The variation
in the 20 position from point to point encodes the lattice parameter gradient, and conse-
quently the local strain field in the sample in that family of planes direction [73]. The vari-
ations in ¢ angle encode the mosaicity/texture/bending information of the material [75].
More detailed analysis of the speckle’s symmetries and shape can still provide knowledge
about defects [76] and shape [72], and in the case of a coherent nanobeam, morphology can

also be investigated [77].

3.1.3 X-ray excited optical luminescence - XEOL

X-ray Excited Optical Luminescence (XEOL) is a spectroscopic technique that provides unique
insights into the electronic and optical properties of materials at the nanoscale. This process
involves the excitation of a material using X-rays, resulting in the emission of optical pho-
tons as the excited electrons recombine with holes in the electronic structure as illustrated
in Figure 3.6.

When an X-ray photon is absorbed, it imparts energy to the inner-shell electrons,

elevating them to higher energy states or ejecting them from the inner shells. The resulting
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Figure 3.5: X-ray diffraction. (a) Conventional over-illuminated diffraction setup with powder ring in the de-
tector position at the 20 Bragg position. (b) Scanning nanodiffraction with focalized illumination diffraction
setup with speckle in the detector position at the 26 Bragg position.(c) Diffracted intensity map from scanning
diffraction. (d) Lattice parameter map from scanning diffraction.
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core holes create a cascade of electronic events as outer-shell electrons fill these vacancies,
as previously described. This absorption triggers the generation of core holes when elec-
trons are either elevated to higher energy states or expelled from inner electron shells, creat-
ing positively charged holes. Subsequently, these carriers, both electrons and holes, diffuse
through the crystal lattice, moving toward regions of lower energy.

As electrons and holes arrive in the energy gap, the region between the valence
and conduction bands, the conditions for recombination are established. Recombination
is the process where electrons in higher energy states reunite with holes in lower energy
states, resulting in the annihilation of electron-hole pairs. This intricate relaxation of the
carriers culminates in the release of excess energy in the form of photons, manifesting as

luminescence, often in the form of visible or ultraviolet light.
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Figure 3.6: XEOL mechanism

The emitted optical photons carry information about the material’s electronic
structure, crystallographic properties, and defects. XEOL is particularly powerful for study-
ing luminescence in materials with diverse applications, such as semiconductors, phos-
phors, and luminescent markers. The technique’s ability to probe the local environment
of specific elements (XANES-XEOL) [78] [79], investigating the luminescence as the energy
varies around the absorption edges of a specific element, and capture information on elec-
tronic transitions makes it valuable for understanding the intricate details of materials’ be-
havior.

One notable advantage of XEOL is its capability to provide spatially resolved in-

formation. By utilizing advanced X-ray microscopy techniques, researchers can create spa-
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tial maps of luminescence across a sample, enabling the visualization of variations in the
electronic and optical properties at the nanoscale. This spatial resolution is crucial for in-
vestigating heterogeneous materials or nanostructured systems where properties may vary
across different regions.

3.1.4 X-ray ptychography - Ptycho

A ptychography experiment consists of illuminating a sample with a coherent beam, sys-
tematically scanning it with overlap between the probed regions, and recording continuous
diffraction patterns associated with each well-known position (formally, the position must
be known with precision equal or better than the aimed resolution). The collected data is
then computationally processed to reconstruct high-resolution images (not limited by the
probe size, but by the numerical aperture collected in the detector) of both the amplitude
and phase of the sample, making it versatile for various fields. Ptychography non-destructive
nature, compatibility with different radiation types, and enhanced contrast have enabled
breakthroughs in materials science, biology, and nanotechnology, especially due to the suit-
ability for challenging low-absorption contrast materials. Typical experimental constraints
are the beam coherence, sample stability, sample preparation, and the detector’s pixel size,

area, and dynamic range.

a.

Pixelated area
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Figure 3.7: Ptychography setup and acquisition. Figure shows the experimental setup composed by a focusing
optical element, represented by a Kirkpatrick-Baez (KB) mirror, sample translation stages in the perpendicular
directions to the beam, and a pixelated area detector at the far-field regime. A zoom at a region of the sample
highlights the beam positions (colored circles) where the diffraction patterns are acquire in which the position
is precisely determined. Observe that adjacent regions are overlaped.

From a fundamental description of the technique, one needs to revisit the scalar

wave equation or d’Alembert equation, directly derived from the Maxwell equations [80]:

(C———v )-\I’(r,t):O (3.4)
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which accepts the solution as the monochromatic decomposition of the time-
independent components ¥, ¥ (7, t) = fé’o V¥, (Fe ! dew. [81] This decomposition applied
to Eq. 3.4, we get the Helmholtz equation:

(V2+ kAW, (H) =0 (3.5)

Assuming that the radiation sources are over a plane Sy, the solution to Eq. 3.5 is
given by the Fresnel-Kirchhoff formula [81] (Figure 3.8.a):
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Figure 3.8: Ptychography mathematical modeling reference frame

Similarlly to what Thibault [82] did, we rewrite Equation 3.6 using the coordinates

from the source plane Sy, ¢ and 7, and the incident plane S, x and y, as

ikr

k
v(x,y) = %ISO Wo(S,m) cos(a)dédn

r

— e [E—xl In-y|
Where r = /22 + (x — &% + (x —n)?. So if, ®-= << 1and - <<1,

— &2 —n)2
r:Z\/1+(x ¢) +(y )

z2 z2

_ &2 —_m?2 _ 2 _a2y2
mz[H(x S +(y—m” ((x=¢)"+(y—m) 3.7)

2272 823

elkr

k
» ~ v ’
y(x,y) 2nifso 0(&,m)——cosadédn

-
k eikr
~—— | Yo, déd
27”.[50 0(577)Z ¢dn

where it was used that for small a, cosa = 1 and, consequently, z = r

Then, focusing on the right side of the equation,
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Using only the first two terms of the expansion of equation 3.7 for r,
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Which gives the approximation for y(x, y):
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Expanding the exponentlal, we have:
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And since %xlz = ZLZT”xlz = AJZC ,in the limit F << 1 (Fraunhofer regime), where
lkx
F is the Fresnel number defined as F = 15» one can get, 1 >> L > /1 , in which case e = =~ 1.

Where a is the largest dimension of the support of the functlon WYy, or, experimentally, the
largest dimension of a sample, and x; = x,y. And since, w;le « 1 and @ « 1, the last
approximation to ¥ (x, y) is:
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What gives us, the final definition, through the Fourier transform operator:

Y(x,y) ~F(Wol&,m) (3.9)

Therefore, if the detector is sufficiently far from the detector (Fraunhofer regime),
the wave function acquired corresponds to the Fourier transform of the function that exists
from the sample, naively, the product between the function of the object and the probe. If
the wave is a unitary plane wavefront, the scattering signal is the Fourier transform of the
object. Unfortunately, however, the detectors measure only the intensity of electromagnetic
wave ([y]?) in the X-ray regime, so that the phase information of v is lost. To solve that
problem, Sayre [83] showed in 1952 that once one samples the scattered intensity with a
factor of at least 2 of the Nyquist frequency (inverse of sample size), commonly known as
the oversampling condition, or denser it can yield a unique real space image, as a direct
implication of the Shannon theorem. [84] [85] This method was demonstrated as an imaging
technique to reconstruct an object from the modulus of its Fourier transform by Fienup in
1978 [Reconstruction of an object from the modulus of its Fourier transform] through the
application of an iterative algorithm based on the error reduction in the sense of the squared
different between the experimentally acquired intensity (I) and the corresponding modulus

of the Fourier transform of the reconstructed object (F), the R.
_I-|F?)?
VT
The oversampling condition can be explicitly written as:

RA
alx

Where R is the detector sample distance, A the wavelength of the light, a the

0= >2 (3.10)

size of the support of the sample and Ax is the pixel size of the detector. Practically, the
mathematical expression for the oversampling can be interpreted as the ratio between the
numbers of the pixels of the sample and the detector.

The iterative algorithms available in the literature [82] have the same main struc-
ture described in Figure 3.9. The initial known information that is inputted in the algorithm
is the measured amplitude of the sample’s Fourier transform (in fact what is measured is the
intensity and the amplitude is calculated as the square roots of the measured intensity). A
random phase is initially attributed to the inputted amplitude, and the function is inversely
Fourier transformed. A few constraints are applied in the real space function and the result-
ing function in the real space is inversely transformed back to the Fourier space via a Fourier
transform and the resulting amplitude is compared to the measured. In this initial iteration,
the measured amplitude is probably far from the one obtained via the Fourier transform,

and then the new calculated phase is applied to the measured Fourier amplitude and the
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resulting function is inversely Fourier transformed and this procedure of comparisons is re-
peated until the difference between reconstructed and measured amplitudes is less than a

desired value or, typically, a limit of iterations is reached.
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Figure 3.9: Iterative algorithm general structure for phase retrieval in CDI methods

The same phenomenology from diffraction described in the Diffraction subsec-
tion (3.1.2) is valid in the CDI experiments. The conventional diffraction experiment is, as
discussed, also an interference phenomenon, such as CDI, with the only difference that the
coherence is present at the sample (crystal) in the long-range order of the crystal lattice,
while in the CDI experiments the coherent characteristics are defined by the X-ray beam.
That is why the resolution of the minimum size of the structure can be defined using the

same formulation that the Laue equation describes.
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Formally, we assume an object with size o at a distance R from the detector with
N pixel with size Ax in each direction. (Figure 3.10) The maximum half angular aperture
acquired by the detector is 20 = arctan(INAx/2R), and therefore the correspondent value for

o is:

Figure 3.10: Scattering scheme for pixel size determination

4ﬂsin(%)
qMAXx = 1
o _ dMIN _ T _ A _ A
MIN = = = =—
2 dMAX  4q sin(%) 4sin (7 arctan (53))

That expression for o gives the minimum size of the object that can be theoret-
ically analyzed with the quantized form of the signal due to the pixelated nature of the de-
tector and corresponds to the pixel size of the reconstructed object. An extra approximation

using the information that NAx << 2R allows the estimative for the pixel size in the form:

(1 NAXx NAx
sin | — arctan ~
2 2R 4R
AR
~ (3.11)
NAx

That is the fundamental description of the coherent diffractive imaging (CDI)
techniques, which can be separated in a few variations such as: plane-wave CDI (pwCDI),
ptychography, BraggCDI, ptycho-tomography and others. This work will focus only in pty-
chography, and the other techniques can be reviewed elsewhere [86] [87] [88].

It is important to highlight however that this value for o does not correspond to
the final resolution of the reconstruction, only to the pixel size. The methods for evaluating
the final resolution can be the same as used in other techniques, such as the edge width of
the features of the reconstruction, the Fourier shell correlation [89], and others.

In the ptychography technique, an object is scanned by a probe with dimensions

smaller than the object with an overlap between the adjacent points. At each point, the cor-
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respondent coherent diffraction pattern is acquired. The redundancy in the data created by
the overlapping between the allows more robustness in the reconstruction algorithms, and
it is applied as follows: during the obtaining of the real space object the constraint implied
over the object is that within the overlapped region between two adjacent acquisition points
must be the same. Different algorithms of reconstruction can be used with the same data set,
and in combinations in order to achieve optimal reconstructions. In this work, we will exclu-
sively use the alternating projections (AP) [90] and relaxed averaged alternating reflections
(RAAR) [91].

3.1.5 Fourier transform infrared - FTIR

Fourier Transform Infrared Spectroscopy (FTIR) is a analytical technique employed for elu-
cidating the molecular composition and structural characteristics of materials. Fundamen-
tally, FTIR relies on the interaction between infrared (IR) radiation and molecular entities,
resulting in the selective absorption of specific wavelengths of light. This interaction is pred-
icated upon the vibrational and rotational modes inherent to molecules, which undergo al-
terations in energy states upon absorbing IR radiation. Notably, the vibrational frequencies
of chemical bonds within molecules are distinctive, allowing for their identification within
the resultant infrared absorption spectrum.

In FTIR spectroscopy, a broad spectrum of infrared wavelengths is directed through
the sample under investigation. As the IR radiation traverses the sample, certain wave-
lengths are absorbed by the molecular bonds, leading to a diminution in their intensity
within the transmitted light. The recorded data, typically in the form of an interferogram
representing the amplitude of IR radiation over time, undergoes Fourier transformation to
yield a frequency-domain spectrum. This spectrum encapsulates the intensity of IR radia-
tion across different frequencies (or wavelengths), facilitating the identification and charac-
terization of molecular vibrations.

FTIR spectroscopy offers flexibility in acquisition modes, primarily employing
transmission and reflection configurations. In transmission mode, the IR radiation passes
through the sample, enabling analysis of materials in various forms such as liquids, solids,
and thin films. This mode is particularly suitable for transparent or semi-transparent sam-
ples. Conversely, reflection mode spectroscopy, the sample is positioned over a highly reflec-
tive surface, causing the infrared beam to cross the sample twice, effectively increasing the
path length and enhancing absorption, in other words, it exploits the increased path length
within the sample to enhance absorption. This increased path length allows for a more sen-
sitive detection of absorption features, particularly beneficial when dealing with low absorp-
tion materials. In this work, data was solely acquired in reflection mode and the dataset were
acquired at IMBUIA beamline at Sirius-LNLS synchrotron [92].
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CHAPTER 4

DEVELOPED METHODOLOGY TO STUDY X-RAY
DOSE EFFECTS AND TO MITIGATE DAMAGE

Metal halide perovskites (MHP) exhibit challenges related to their stability un-
der diverse conditions, necessitating the utilization of sophisticated investigative tools. The
impact of X-ray damages on halide perovskites has been a subject of both research interest
and concern. Given that X-rays are high-energy photons, they can instigate various effects
on materials, particularly halide perovskites [ [16] [93] [94]]. A comprehensive understand-
ing of these effects is imperative for the effective application of X-ray-based characterization
techniques. A prominent concern pertains to radiation damage, where high-energy X-rays
can generate defects in the crystal lattice of halide perovskites. This damage may manifest
as the displacement of atoms or the creation of vacancies, thereby impacting the structural
integrity of the material [ [95]]. In instances where halide perovskites are employed in solar
cells or optoelectronic devices, radiation-induced defects can adversely affect the long-term
performance and stability of these devices [ [16] [96]]. Furthermore, X-ray exposure can con-
tribute to the degradation of halide perovskites, leading to alterations in their optical and
electronic properties. The formation of defects, such as halide vacancies or interstitials, has
the potential to modify the band structure and electronic properties, thereby influencing
the optoelectronic performance of the material [ [93]]. In efforts to mitigate X-ray damages
in halide perovskites, researchers routinely optimize experimental conditions, adjusting pa-
rameters such as X-ray energies, exposure times, and the overall experimental setup. Addi-
tionally, protective measures, such as encapsulating perovskite samples or conducting ex-
periments under controlled atmospheres, are implemented to minimize undesired effects.

This study explores the effects of focused X-ray beams on MHP through a multi-
technique approach. The irradiation predominantly affects iodine and organic components,
altering their quantities. A distinctive feature that we observed is the development of an ex-
cavated area, signaling the presence of an optically inactive metal layer. Notably, the bulk
material remains unchanged, preserving the initial halide composition, as evidenced by sta-
ble photoluminescence emission energy. The controlled administration of X-ray doses and
environmental conditions proves effective in mitigating damage. Consequently, it was em-

ployed these optimized conditions in X-ray ptychography, achieving an unprecedented 17.4-
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nm spatial resolution.

Understanding and controlling X-ray-induced damages in halide perovskites are
essential for advancing the reliability and applicability of X-ray-based characterization tech-
niques in studying these promising materials.

4.1 Sample preparation

The CsFAMAPD(I,Br)3 perovskite with composition [(FAPbI3) g7 (MAPbBr3)¢.13]0.92 (CsPbls).08
was deposited by the antisolvent method on polished Si substrates covered with 100 nm of
Au. The substrates were cleaned with isopropanol and ultraviolet-ozone (UVO) treated for
30 min before the deposition. The perovskite solution was prepared using FAI (GreatCell So-
lar Materials), MABr (GreatCell Solar Materials), Pbl, (TCI America), PbBr, (TCI America),
and CsI (TCI America) with a concentration of 0.7 M regarding Pb component. The powders
were dissolved in a mixture of anhydrous N, N-dimethylformamide (DME Sigma-Aldrich),
and dimethyl sulfoxide (DMSO, Sigma-Aldrich) with a volume ratio of DMF:DMSO = 4:1 at
room temperature. The solution was spin-coated at 2000 rpm for 12 s followed by 5000 rpm
for 30 s. 15 s before the end of the spin-coating, 150 pL of chlorobenzene was dropped on
the film. After deposition, the substrates were thermal annealed for 60 min at 100 °C. The
Csp.05FAg.95Pbls was deposited by the gas quenching method on the Mylar substrate. [97]
The substrates were cleaned with UVO treated for 30 min before deposition. The perovskite
precursor solution was prepared by solubilizing CsI (TCI America), FAI (GreatCell Solar Ma-
terials), Pbl, (TCI America) and 40 mol% of MACI, with an excess of 5% of the lead source, in
the mixture of solvents DMF (Sigma-Aldrich) and methylpyrrolidone (NMP, Sigma-Aldrich)
(v:v = 4:1) with a concentration of 1.3 M. The solution was spin-coated at 4000 rpm for 60
s. A jet of N, was automatically blown during the final 50 s of the rotation to force the sol-
vent’s exit and the perovskite’s subsequent crystallization. The film was then heated at 100
°C for 90 minutes in the air. All the samples were prepared at the LNES-IQ/UNICAMP by
collaborators.

4.2 Beam damage

Metal halide perovskite (MHP) materials have garnered significant attention for their appli-
cation in solar cells, [98] [99] photonic devices, [100] [101] and X-ray detectors. [102] How-
ever, many aspects of their properties must be elucidated to transition these technologies
from the laboratory to the market. [103] The operational instabilities of MHPs and the as-
sociated photo-structural-chemical transformations necessitate advanced characterization
tools, coupled with in situ and operando experiments, to achieve a comprehensive nanoscale
understanding. [14] Focused beam X-ray fluorescence (XRF), [104] X-ray diffraction (XRD),
[105] [106] X-ray beam-induced current (XBIC), [107] X-ray excited optical luminescence
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(XEOL), [16] and coherent diffraction imaging (CDI), [108] increasingly sophisticated and ac-
cessible at fourth-generation synchrotron sources, serve as powerful tools for investigating
MHPs, including complete perovskite solar cells (PSCs). However, in most cases, these tools
strongly interact with the materials, leading to undesirable transformations. Despite their
promise, focused X-ray-based techniques face challenges related to high radiation doses de-
posited on the samples, potentially causing damage to the materials and devices and altering
their properties. Stuckelberger et al. [96] demonstrated that the electronic properties of per-
ovskites are highly sensitive, resulting in a significant reduction in the XBIC signal under X-
ray irradiation without evidence of changes in the element’s composition. X-ray photoemis-
sion (XPS) experiments also highlighted the sensitivity of electronic properties, suggesting
that the organic part of the perovskite (formamidinium (FA) and methylammonium (MA))
undergoes radiolysis, producing volatile species. [94] [109] Orri et al. revealed that the degra-
dation mechanism induced by electrons and X-rays is similar and likely caused by the inter-
action of electrons, generated by X-rays, with the organic part of the MHP. Even low doses of
electrons in defective grain boundaries lead to changes in grain orientation. [95] Addition-
ally, the degradation appears to be facet-dependent, emphasizing the importance of sam-
ple crystalline quality in resilience to X-ray damage. [110] Intriguingly, cryogenic conditions
do not prevent degradation but rather favor sample amorphization. [111] [112] Conversely,
temperatures around 90 °C do not induce additional severe perovskite degradation. [111] De-
spite the critical insights gained, a comprehensive investigation of all aspects of X-ray doses
on the morphological, structural, and chemical properties of MHP films extensively used in
PSC devices is still lacking.

In this initial methodological section of the study, we employed a correlative
multi-technique approach to examine the impact of a focused X-ray beam on the distribu-
tion of elements, morphology, structure, and optoelectronic properties of the [(FAPbI3)g g7
(MAPDbBr3)0.13]0.92(CsPbl3)g.0s (CSFAMAPb(Br,I)3) compound. This composition is signifi-
cant as it is widely employed in fundamental studies and devices, representing a mixture of
the main elements/molecules used in MHP. The samples underwent controlled X-ray irradi-
ation under diverse atmospheres and temperatures, and the resulting damage was assessed
using correlative multiple micro and nanoscale techniques. The correlative data revealed
that the X-ray dose induced damage on the exposed surface, primarily affecting the iodine
and organic elemental components, leading to topographical changes by extracting mate-
rial and forming an excavated area. Local optical properties within this area indicated the
formation of a metallic layer coating the surface. Surprisingly, the bulk material retained
its optoelectronic properties even under more severe doses. As anticipated, reducing the
X-ray dose and utilizing an inert atmosphere mitigated the damage. However, the selective
extraction appeared independent of temperature conditions. We demonstrated that com-
bining an inert atmosphere with a controlled dose reduction at room temperature is the op-

timal approach for investigating hybrid organic-inorganic MPHs with state-of-the-art X-ray
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nanoprobes. Finally, the optimized conditions were applied below the critical dose to show-
case the feasibility of studying MHPs using the X-ray ptychography (CDI) technique, high-
lighting grain morphology and sample details with a 17.4-nm spatial resolution. Notably,
this technique had not been reported before in these compounds.

The experiments employed the CsSFAMAPb(I,Br)3 sample for all assessments, ex-
cept for the ptychography measurements conducted on the Csg g5FAg95Pbls sample. Under
consistent environmental conditions (RT-Air, RT-N2, or Cryo-N2), all X-ray measurements
were conducted on the same compound, deposited on an Au-coated Si substrate, approxi-
mately 10x10 mm in size, which was sectioned into small pieces. Three distinct pieces were
selected, each used for a specific environmental condition. Different areas spaced by 50 ym
were measured, forming an array with varying doses. Positioned at the experimental sta-
tion, the samples faced a 500x200 nm? X-ray beam at the Taruma Station on the Carnauba
beamline. [3] The acquisition of nano-XRF involved irradiating the samples with 10 and 14
keV X-ray energies, employing a fly scan mode, where the beam continuously traversed the
sample, collecting signals. For instance, a 10 um beam walk with 100 collected points corre-
sponded to 100 nm. The resulting data were referred to as steps of the fly scan. At each (x,
y) coordinate, an XRF spectrum was obtained, and custom Python scripts were used to gen-
erate nano-XRF maps integrating selected XRF signal peak emissions. Maps were derived
from emissions I-Lal (3938 eV), Pb-Lal (10551 eV), and Br-Kal (11924 eV). XRF spectra
for 10 and 14 keV, along with corresponding peaks, are illustrated in Figure 4.1. The 10 keV
facilitated beam damage assessment and I maps, while the 14 keV was utilized for obtain-
ing Pb and Br maps. Cryogenic conditions for RT-N, and Cryo-N; experiments involved
a constant N flow at room temperature and cold Nj, respectively. [113] Experiments with
reduced doses involved changing the undulator phase to reduce the X-ray flux. Following
synchrotron experiments, samples were stored in a vacuum and dry box with a drying agent
until subsequent characterizations. Three distinct X-ray fly scans were employed to obtain
various doses in the same 5x5 um total area. For 2.9 GGy, the step size was 100 nm, exposure
time 200 nm, and 750 ms per point. For 1.9 GGy, the step size was 60 nm with a exposure time
of 58 ms. For 0.7 GGy, the step size was 50 nm, and exposure time was 8 ms. Areas subjected
to irradiation were examined with a 10x10 um scan, step size of 100 nm, and exposure time
of 7.5 ms. Further details about the scans are outlined in Table 4.1. The iodine reduction
ratio was calculated by the average intensity of a 2x2 um area at the center of the irradi-
ated region, presenting an error of + 15% estimated from multiple images due to statistical
fluctuations.

Figure 4.2a illustrates a 5 x 5 yum? nano-XRF map of iodine obtained at room
temperature in an air atmosphere (RT-Air). For sample irradiation and mapping, the fly-
scan snake mode was employed, initiating the scan at the left-bottom corner of the image,
with the beam spot moving up and down while sliding to the right relative to the sample. The

X-ray dose post-irradiation corresponds to approximately 2.9 GGy deposited in the scanned
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region, where 1 Gy = 1 J/kg measures the total energy deposited per unit of material irradi-
ated. [114] The estimated dose considers the compound’s total absorption at the irradiation
energy, ensuring doses deposited using different X-ray energies can be accurately compared.
The total absorbed 10 keV photons by the 330 nm thick perovskite film amount to 2.53 x 102!
ph/m?. The dose calculation and its Python code are presented in Appendix G.
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Figure 4.1: X-ray fluorescence spectrum obtained with X-ray excitation energy of (a) 10 keV and (b) 14 keV. The
spectrum from each pixel was squeezed to obtain the spectrum shown here. The highlighted peak region was
used to obtain the nano-XRF maps.

A noticeable effect in Figure 4.2a a is the diminishing iodine fluorescence emis-
sion in the left-to-right scan direction. This gradient is not incidental but consistently ob-
served in different samples under comparable doses (Figure 4.3). It can be interpreted as a
yanking-out effect caused by the X-ray beam on the surface, depletingiodine. Since the hori-
zontal nanoprobe (500 nm in size) surpasses the fly-scan step (200 nm), the initial irradiation
(first vertical lines) impacts a pristine sample. In contrast, the subsequent vertical lines have
already encountered the beam, resulting in some material loss. The iodine consumption in
the irradiated region is more pronounced in Figure 4.2b. To examine the irradiated region,
a larger 10x10 um? scan was performed, centered at the same point as the 5x5 um? one but
with a much lower dose, around 0.2 GGy in the entire scanned region, representing approxi-
mately 7% of the dose in the former scan. The iodine map reveals a reduction in the number
of iodine atoms within a square of the exact dimensions of the previously irradiated region.

The average fluorescence counts indicate about a 28% decrease. Interestingly, the Pb and Br
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Figure 4.2: Effect of raster scan in a perovskite sample by an X-ray focused beam in the air at room tempera-
ture by multi techniques. (a) Iodine nano-XRF map with a high X-ray dose. (b-d) Iodide, lead, and bromide,
respectively, nano-XRF maps of the irradiated area. (e) C-N antisymmetric strecting (1700 cm-1) u-FTIR map,
(f) FTIR spectra, (g) AFM topography image, (h) photoluminescence spectra, and (i) optical image of the irra-
diated sample.
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maps exhibit no evidence of composition changes (Figure 4.2c-d).

Intensity
a ‘ b ‘ Max.

Min.

Figure 4.3: Iodine nano-XRF map obtained with the energy of 10 keV and total absorbed dose of 2.9 GGy in two
different new regions of the sample.

Given that the hybrid organic-inorganic perovskite comprises a mixture of MA
and FA, unobservable by XRE the impact on the organic segment was assessed using p-FTIR.
Figure 4.2e displays a u-FTIR map obtained by integrating the C-N antisymmetric stretching
vibration (1700 cm™!) of the FA molecules. [115] The reduced intensity in the X-ray irradiated
region suggests the removal or degradation of FA molecules in the same area as iodine. A
comparison of the complete FTIR spectra in the inner damaged region with the outer part
(reference) reveals a change in the background for higher wavenumbers (Figure 4.2), indi-
cating a compound with more metallic characteristics and a different refraction index on the
sample surface. This hypothesis is also qualitatively supported by a distinct color observed
in the optical microscopy image shown in Figure 4.2i. AFM measurements unveil the impact
of the beam on the film topography (Figure 4.2g), displaying a reduction in film depth in the
irradiated area, consistent with the material consumption observed for iodine and organic
molecules. It was anticipated that the decline in iodine and organic cations content would
induce a change in PL peak position. However, the PL peak in the irradiated region remains
stable in shape and position, with decreased intensity attributed to a decrease in sample
thickness. Figure 4.2h, illustrating the PL spectra acquired using a p-PL instrument with a
spot size of 1 um, indicates that the remaining perovskite compound retains its bandgap
properties. The decrease in intensity is visualized in a PL line scan through the damaged

area, as shown in Figure 4.5.
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4.3 Beam damage control

4.3.1 Dose effect

The impact of the total X-ray dose was initially examined under room temperature and air at-
mosphere (RT-Air) conditions, maintaining a constant photon flux resulting in an absorbed
dose rate of 4.7 KGy/s over a film area of 5x5 um?. The irradiation time was adjusted to
achieve three distinct dose levels in the samples: 2.9 GGy (as illustrated in previous results
in Figure 4.2), 1.9 GGy, and 0.7 GGy. Additionally, the 10x10 um? inspection, corresponding
to 0.2 GGy, was performed, as mentioned earlier. The associated number of 10 keV photons
is detailed in Table 4.1. The dataset in Figure 4.4a is identical to that in Figure 4.2 but is once
again presented alongside two new datasets with medium and low doses (Figure 4.4b-c) for

comparative analysis.
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Figure 4.4: Absorbed dose effect in air atmosphere. From left to right, nano-XRF damage scan, nano-XRF probe
scan, C-N antisymmetric stretching u-FTIR, AFM and optical images for doses of (a) 2.9 GGy, (b) 1.9 GGy, and
(c) 0.7 GGy. (d) Attenuation in the iodine content, (e) u-FTIR intensity and (f) AFM profiles for the different

doses.

The levels of 1.9 GGy and 0.7 GGy (Figure 4.4b and Figure 4.4c, respectively) re-
sult in a reduction of iodine consumption, with the diminishing effect becoming more pro-
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Figure 4.5: (a) u-FTIR maps of the perovskite obtained integrating N-H stretch vibrations (3100-3400 cm-1) for
different X-ray beam doses in air, and (b) profile of the damaged area. Despite the smaller spatial resolution of
the u-FTIR at resonance 1700 cm-1 it was chosen this one for a more quantitative analysis because the changes
in the background in this region are negligible. On the other side, the 3100-3400 cm-1 region shows a change
in the background, then becomes difficult for a quantitative analysis using these resonances.

Total absorbed dose for each scan
Energy (keV) | Area(um x um) | Total time (s) | GGy | Total absorbed photons (x 10%1 ph/ m?)
10 5x5 610 2.9 2.53
10 5x5 410 1.9 1.70
10 5x5 150 0.7 0.62
10 10 x 10 172 0.2 0.18
10 10 x 10 171 0.0015 0.0013
14 10 x 10 171 0.0013 0.0084

Table 4.1: Total absorbed dose for each scan

nounced as the total deposited dose decreases. Comparing the ratio of iodine fluorescence
in a 1x1 um? area in the inner and non-irradiated regions, it is evident that the highest dose
causes iodine consumption of about 28%, reduced to 16% at 1.9 GGy, and further to 5% at
0.7 GGy (Figure 4.4d).

Regarding the organic cations, the u-FTIR map (Figure 4.4a-c, FTIR column) ex-
hibits the anticipated trend of decreasing beam damage with a smaller amount of energy
deposited on the sample, showing mitigation as the beam is attenuated by a factor of 4 (0.7
GGy dose). This trend is evident when evaluating the integrated profile at the 1700 cm™
resonance (C-N antisymmetric stretching) in the irradiated region, resulting in about a 30%
decrease for the two highest doses and being absent for the smallest one (Figure 4.4e). The
profile displays an intensity reduction broader than the irradiated area (pink column), at-
tributed partially to the limited spatial resolution at 1700 cm

The decrease in iodine concentration in the irradiated region and the diminish-
ing signal from FA align with the excavation observed in that area. The overall thickness of
the perovskite, measured using a profilometer, is 330 nm and was compared to the depth
observed in the AFM topographic images (Figure 4.4f). The total depth and the ratio of ex-
cavation relative to the entire film thickness are estimated to be 90 nm (27%), 70 nm (21%),
and 15 nm (5%) from the highest to the smallest dose, respectively. These ratios align with
the iodine attenuation shown in Figure 4.4d. It's worth noting that error bars for these mea-

surements fall within 15%, as indicated by the statistical fluctuations outside the irradiated
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Figure 4.6: Optical microscopy images for different doses (a) 2.9 GGy, (b) 1.9 GGy and (c) 0.7 GGy obtained in
air and room temperature.

area. Interestingly, a transition in color is observed from the highest to the lowest dose, shift-
ing from a pinkish tone to a dark greenish hue to an almost imperceptible light green (Figure
4.7). Such color changes may result from a combination of effects, including variations in

sample thickness and the formation of a thin metallic layer.
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Figure 4.7: Optical microscopy images for different doses (a) 2.9 GGy, (b) 1.9 GGy and (c) 0.7 GGy obtained in
air and room temperature.

These experiments were conducted with the same dose rate while varying the
exposure time. To investigate the relevance of dose rate versus total dose, the iodine flu-
orescence signal was measured over time at a fixed sample position for two different dose
rates (1.2 and 0.23 GGy/s) at an energy of 10 keV. Figure 4.8a reveals that the higher dose
rate results in the expected faster decay in iodine content. However, when examining iodine
consumption not as a function of time but as a function of the total absorbed dose (Figure
4.8b), it becomes apparent that the iodine decays for both dose rates overlap.

The decaying signal fits with two exponential components for both dose rates,
yielding similar decay coefficients: 972 and 28 GGy™! for 1.2 GGy/s; and 916 and 36 GGy'!
for 0.23 GGy/s. This suggests that two main processes occur independently of the dose rate.
A plausible hypothesis is that free surface excavation is faster initially, but once a certain
quantity of material is depleted and a thin coating layer is formed (evidenced by the FTIR
broadband and optical images - Figure 4.9), the process slows down. However, additional
experiments are required to confirm this hypothesis. This experiment also illustrates that

reducing the dose rate is ineffective in mitigating beam damage in the air. What matters is
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the integrated absorbed dose needed to extract reliable information from X-ray techniques.

For completeness, a similar experiment was conducted at two different photon
energies, 10 and 14 keV, below and above the Pb and Br absorption edges. The X-ray fluxes
were controlled to achieve the same absorbed dose rate at both energies, accounting for ab-
sorption and photon energy variation. Figure 4.9 demonstrates that the variation in iodine
content is the same for both X-ray energies when the absorbed dose is equal, affirming that
the total dose absorbed by the material is the determining control factor for iodine consump-

tion in air and at room temperature.
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Figure 4.8: Effect of the absorbed dose rate on iodine signal with the X-ray beam in a fixed position for two
different absorbed dose rates. (a) Normalized iodine XRF signal in function of (a) time and (b) the dose.
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Figure 4.9: Optical microscopy images for environment and temperatures (a) RT-Air, (b) RT-N2 and (c) Cryo-N2
obtained with the dose of 2.9 GGy.

4.3.2 Environmental effect

The atmosphere and temperature conditions were investigated as an alternative strategy to
mitigate the beam damage. The same dose conditions (2.9, 1.9, and 0.7 GGy) were applied
in three different environmental conditions: room temperature and air atmosphere (RT-Air),
RT and nitrogen flow (RT-N2), and cryogenic temperature (152K) and N2 flow (Cryo-N2). The
RT-Air condition corresponds to previously discussed measurements (Figure 4.2 and Figure
4.4). At the 2.9 GGy and RT-N2 conditions, a faint irradiated area (with no lateral gradient)

was observed (Figure 4.10a, XRF columns), yielding an iodine quantity reduced by about
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16% (Figure 4.10c), which is less compared to the same dose and RT-Air conditions (Figure
4.4). The Cryo-N2 condition (Figure 4.10b, XRF columns) seems to mitigate the effect in the
XRF maps, with no observable inorganic yanking out in the scanned region within the er-
ror bar of +15%. The Cryo-N2 condition seems to freeze the iodine mobility. Surprisingly,
the damage persists in the organic part for both RT-N2 and Cryo-N2 (Figure 4.10a-b, u-FTIR
column), with similar intensity (Figure 4.10d). The AFM topography (Figure 4.10a-b, AFM
column) confirms that the inert atmosphere does not entirely mitigate the beam excavation.
An additional effect observed in the Cryo-N2 condition is the formation of cracks in the ir-
radiated region, probably caused by the decreased ionic mobility that tends to relax some
stress. Lastly, the optical inspection (Figure 4.9) shows that the irradiated regions changed
color as previously. However, none presented the intermediate dark greenish, as before. Both
inert atmosphere conditions showed a soft light greenish, like in the lowest dose of 0.7 GGy
in air. This observation is essential once it indicates that the color change is, at least, not
exclusively related to the thin film thickness variation and probably depends on the layer

compound formed on the surface.
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Figure 4.10: Effect dose and atmosphere on damage from an X-ray dose of 2.9 GGy. From left to right, nano-
XRF damage scan, nano-XRF probe scan, y-FTIR, AFM and optical images for samples measured at (a) room
temperature and nitrogen obtained by a nitrogen flow, and (b) cryogenic temperature and nitrogen obtained
using a cold nitrogen flow. ) (c) Attenuation in the iodine content, (d) p-FTIR intensity and (e) AFM depth
profiles for the different conditions.

The high X-ray dose applied to the hybrid organic-inorganic MHP results in se-
lective yanking out of ions at the film surface, leading to the consumption of iodine and
organic cations while preserving the Pb and Br composition. This process causes excavation

and alters the visible optical surface properties. As anticipated, limiting the X-ray dose sig-
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nificantly reduces damage, almost completely mitigating iodine and organic molecule con-
sumption. Under a similar dose but with a nitrogen (N») atmosphere, all damage effects are
diminished, indicating the relevance of an inert atmosphere in mitigating iodine yanking
from the sample. It suggests that air components (O, and H,0) play a role in iodine removal.
The efficacy of a nitrogen atmosphere in reducing damage has been previously documented
in these compounds. [16] However, even in an inert atmosphere, damage persists under the
2.9 GGy dose, emphasizing the importance of avoiding such a critical dose when investigat-
ing these compounds.

A time-extended observation of the dose and environmental effects on a control
sample can be observed in Figure 4.11. A single position on the sample was continuously
irradiated by the 500(H) x 200(V) um? beam of Carnatiba beamline, absorbing a dose of
70 GGy per minute. At every minute, the iodine distribution was monitored by the 10 x 10
pum? map. This measurement was performed in three environmental conditions with dupli-
cates. The damaged region is larger than the beam size, indicating that the beam damage
has a larger extension than the irradiated region for higher doses. Moreover, the damage
gets extended at every increase in the dose deposited, an additional observation to reinforce
the conclusion that the total dose is, indeed, the determinant parameter concerning sample
damage.

Furthermore, the change in the atmosphere is an important factor in spatially
controlling the beam damage, reducing the area where the iodine content varies with the
deposited doses. In air, the whole 10 x 10 um? presents a decrease in the total amount of
iodine, while the impacted area is reduced to less than 2 x 2 um? in dry atmospheres. Figure
4.12 shows the relative variation of the iodine contentin a 1 x 1 um? square the center con-
cerning the initial iodine fluorescence counting at a 1 x 1 um? square in the top left of the
initial state of the sample. The iodine content suffers a reduction of 60% in air atmosphere
after 9 minutes (630 GGy) of irradiation, while RT-N, atmosphere can reduce this variation
to <40%, and full mitigation is achieved in one of the experiments in cryogenic conditions.
This is an important observation for this part of the work that aims to find the optimal condi-
tions of experiments in the Carnatba beamline since a typical XANES spectrum acquisition
in Taruma station takes around 4 minutes, and, at this time, cryo- and RT- N, atmospheres
shown minimal damage on the sample concerning the variation in the iodine content, what
makes this technique feasible and applicable to this materials in safe conditions.

An additional observation in includes the fact that the damage does not only ex-
tends to an area larger than the beam size, but has an anisotropy, or preferential direction
within the film in which the ions seems to migrate more easily, even though that regions is
not being directly irradiated by the beam. We associate this phenomena to regions better
connected with respect to the ionic transport, in the same sense of what was observed by

Delport et al. [116] for the carrier transport properties.
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Figure 4.11: Effect of dose and atmosphere on damage. The deposited dose in the sample increase at the rate

of 70 GGy per minute being deposited at the same point. Sequences show 10 x 10 um? areas of the iodine
fluorescence.
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Figure 4.13: Perovskite damage with reduce dose and inert atmosphere. Sample irradiated with (a) 1.9 GGy
and (b) 0.7 GGy in RT-N2. From left to right, nano-XRF damage scan, nano-XRF probe scan and u-FTIR (1700
cm-1). (c and d) Respective u-PL at RT-N2 and Cryo-N2.

4.4 Beam damage model proposal

Figure 4.13 displays the nano-XRF and p-FTIR of the regions measured with the two smaller
doses, 1.9 and 0.7 GGy, at RT-N,. The reduction in absorbed dose, coupled with an inert
atmosphere, effectively mitigates damage. The inorganic elemental distribution remains
stable, although the organic component still experiences a reduction. AFM’s topographic
analysis (not shown) reveals no observable excavation. Interestingly, the photolumines-
cence properties are nearly unchanged under the RT-N; condition, with a slight blueshift
in emission compared to the pristine sample (Figure 4.13c-d, u-PL column). Additionally,
the Cryo-N; condition is included to illustrate that the compound is more affected, particu-
larly in terms of photonic properties, at cryogenic temperatures. A more significant shift and
broadening in emission are observed, with the lowest dose surprisingly yielding the largest
shift and broadening.

Our findings provide crucial insights into the damage caused by intensely fo-
cused X-ray beams on perovskite compounds. Figure 4.14 presents a schematic view of the
damage induced by the X-ray beam in the MHP. The X-ray absorption cross-section of light
elements, such as carbon and nitrogen from the organic part of the perovskite, is very weak,
rendering the organic molecules essentially transparent to the X-ray beam. In contrast, the
inorganic cage of heavy atoms absorbs X-ray photons more efficiently, decaying through dif-
ferent pathways, including the emission of electrons that interact more effectively with the
organic molecules, ultimately creating ions or radicals. Both ions and radicals are reactive
and can be neutralized or undergo reactions with other species. [117] [118] Various reactions
can be proposed between ions and radicals with defects in the perovskite compound. These

reactions generate new species that can be trapped in the structure or released as a gas, such
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as PbBr;, crystallite or I, molecules. This process results in the creation of new punctual de-
fects in the compound, eventually modifying their properties. However, if several defects are
formed near each other, the 3D perovskite cage may be destroyed. Therefore, a small or in-

termediate dose could produce a defective material compared to a severely damaged one by

a high dose.
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Figure 4.14: Schematic representation of the X-ray beam damage on the MHP.

The conservation of energy and momentum dictates that the electron must trans-
fer energy to an atom when they interact in elastic scattering. If the transferred energy ex-
ceeds the displacement energy (Ed), the atom moves to an interstitial position, creating a
defect. The Ed depends on the atom’s bond strength, crystal lattice, and atomic weight. [118]
As the perovskite is composed of medium to heavy elements, an intense displacement in the
bulk is not expected. However, if an atom is at the surface, the Ed is lower, and the atom can
leave the specimen in a sputtering-like process. [118] One expects a high sputtering con-
tribution from the organic molecules, independently of the atmosphere and temperature.
However, those from the inorganic elements (Pb, I, and Br) should be smaller unless they
have high mobility and are more reactive, as is the case of the iodine ions exposed to the air
atmosphere.

Hence, the MHP damage mechanism combines radiolysis and sputtering. The
radiolysis produces reactive species that react with other elements leading to the formation
of volatile species that leave the sample. In the air, the O, and H,O molecules can react with
perovskite in different ways forming solid species such as PbO, Pb(OH),, PbCOj3, PbIOH, Pb,
Pbl,, and PbBry. [119] [120] [95] Orri et al. [95] reported forming the PbBr, crystalline phase
as a product after electron or X-ray irradiation. Also, volatile species such as I,, HI, and de-
protonated or degraded FA/MA molecules (CH3l, NH3, HCN, C3H3N3) can form and leave
the sample. [121] [122] [123] The iodine departure is corroborated by the absence of iodine
accumulation at the boundaries of the 5 x 5 um? irradiated area. These reactions probably
occur more on the surface where the sputtering is more intense, and volatile molecules face
a short path to escape. The N, atmosphere inhibits the O, and H,O degradation paths. Con-
sequently, the degradation is less severe, and inhibiting the formation of the iodine volatile

species limits the iodine yanking out. However, the organic molecules still suffer from radiol-
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ysis and sputtering. Further investigation of the loss of the halogen can possibly provide the
exact route for the volatilization process, such as the degradation over continuous x-ray irra-
diation under a toluene bath, which would quantifies the amount of iodine being extracted

from the sample, however such an investigation is out of the scope of this work.

4.5 Practical application of the methodology developed

To highlight the relevance of controlling the X-ray dose and environmental conditions when
applying X-ray nanoscopy for perovskite investigation, it is reported an X-ray ptychography
study in an MHP compound. X-ray ptychography [108] is a phase contrast technique that
reveals morphological aspects not seen in traditional scanning X-ray microscopy in trans-
mission (STXM) or fluorescence (SXFM) modes. As a phase contrast technique, it is more
sensitive to low-Z elements than absorption contrast techniques. A Csg 05FAg.95Pbls per-
ovskite film was prepared and intentionally irradiated , depositing a severe dose of 350 GGy
on a single spot of 500 x 200 nm?, corresponding to about 3.1 x10?3 10-keV-photons/m2.
After irradiation, a ptychography was performed map on a 10 x 10 um? surface with steps
of 100 nm, depositing a smaller dose of 0.0015 GGy, reaching a final reconstruction with a
final global resolution estimated by FRC method [89] of 17.4 nm. The observation of Figure
4.15.c indicates that hole formed in the sample is not even visible in the STXM map, as like
none of the grain details. In fact, no details can be observed in the transmissions because
even the variation caused by the removal of matter by the x-ray beam is not detectable, while
it is clearly distinguishable in the ptycography. It occurs because a 400 nm thick perovksite
film has an absorption lesser than 2% for 10 keV photons. So, even if 50% of the perovskite
film was expelled by the beam, the maximum variation in STXM measurements from the

irradiated region to a undamaged region would be less than 1% of the beam intensity.

4.6 Conclusions

A correlative multi-technique approach was effectively applied to investigate the damage
caused by highly intense focused X-ray beams on hybrid organic-inorganic metal halide
perovskites. Using focused X-ray beams for perovskite characterization will be challenging
as the absorbed dose determines the damage, and each technique requires different doses
to produce enough signal-to-noise ratio to extract information. Then, evaluating how the
beam damage affects the desired properties is highly recommended before any material in-
vestigation. The results show that combining an inert atmosphere with a controlled dose
is compulsory to mitigate beam damage and provide conditions to understand the photo-
structural-chemical dynamics of MHPs. Contrary to the expected common sense, cryogenic
conditions are not the best for performing X-ray measurements under high doses because

they lead to reduced mobility and cause morphological changes. Moreover, thoroughly re-
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Figure 4.15: Simultaneous X-ray ptychography and fluorescence images of a perovskite. (a) Ptychography, (b)
iodine and cesium nano-XRF images of Csg g5FAg.95Pbls perovskite compoundx (c) STXM map from the same
data as ptychography and (d) FRC of (b), showing a final resolution of 17.4 nm according to the 1/2-bit criteria
(see Appendix I).
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porting the X-ray deposited power on samples, i.e., the absorbed dose in Gy, will help the
community find the best experimental conditions to work safely. As a clear demonstration
of how powerful the use of sophisticated new techniques in synchrotron radiation facilities
can be, the optimized conditions was applied below the harmful dose to demonstrate the
feasibility of investigating MHPs with the X-ray ptychography technique, uncovering mor-
phological details never seen before.

The optimal conditions to continue the studies are, explicitly said, the ones pre-
sented in Figure 4.13.a with 1.19 GGy under RT-N, atmosphere. All the data from experi-
ments performed at Carnatba present in this work from now on (Chapter 5) will be per-

formed in this condition, or with less dose deposited per acquisition.
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CHAPTER 5

MULTI-SPECTRAL SYNCHROTRON EXPERIMENTS
IN METAL HALIDE PEROVSKITES

Several aspects of morphology, chemical composition, and optoelectronic prop-
erties are to be uncovered from the micro to the nanoscale in metal halide perovskites (MPH).
[14] [2] [1] [124] X-ray nanoscopy techniques available at the CARNAUBA beamline (SIR-
[US/LNLS) are up-and-coming to investigate MHP, revealing the correlation among mor-
phology (x-ray ptychography), stoichiometric chemical distribution (X-ray fluorescence -
XRF), and optoelectronic response (X-ray excited optical luminescence - XEOL) of these
materials. Here, it is reported X-ray nanoscopy experiments, including coherent diffractive
imaging (CDI) in flyscan mode on CsxFA;_«PbBrj 351y 62 thin films over mylar substrate. Pty-
chography in phase contrast (14 nm pixel size @10 keV) reveals morphological aspects not
visible in traditional scanning transmission microscopy. XRF maps correlate wrinkled mor-
phology to variations in Br:Pb stoichiometry, which agrees with shifts in emission seen by
the XEOL. The possibility of measuring in fly-scan mode and N, atmosphere was essential
to mitigate damages, typically the main limiting factor to applying the CDI in such sam-
ples. Our multispectral images of MHP are a pivotal step in developing and applying the
technique in beam-sensitive samples for high-resolution imaging, especially in the case of
heterogeneous and hierarchical functional materials in which the multiscale properties de-

termine final device performances.

5.1 Sample preparation

We deposited the perovskite CsxFA; «Pb(Brg 3glps2)3 (x = 0.10,0.20,0.30,0.40), from now on
called X:38, using the traditional antisolvent method onto 6 um mylar substrates, as de-
scribed in Section 4.1. All the samples were prepared at the LNES-IQ/UNICAMP by col-
laborators. This simple and innovative substrate is well-suited for this study because it al-
lows X-ray and other correlative characterization techniques, serving as a cheap and viable
option to the area-limited and considerably expensive SiN windows commonly applied for
X-ray transmission techniques such as STXM and ptychography. This study was conducted
at the CARNAUBA X-ray Nanoprobe beamline of the LNLS/CNPEM. [3]
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5.2 Beamline experiments

The SIRIUS storage ring was running at 3 GeV and 100 mA, [125] with the beamline deliv-
ering a nanobeam of 200 nm(V)x500 nm(H) and a photon flux of 5x10° ph/s at 10 keV. The
methodology to correlate the information on morphology, chemical and optoelectronic re-
sponse heterogeneities consisted of simultaneously and/or correlatively measuring the sam-
ple with the techniques available at Carnatiba beamline: x-ray ptychography [108], x-ray flu-
orescence (XRF) [126] an x-ray excited optical luminescence (XEOL) [79]. The main text will
present the results for all four compositions and main compositional trends will be graphi-

cally presented and discussed.

5.2.1 Fluorescence - XRF

Figure 5.1a-d shows a 50x50 u m? nano-XRF maps of the four heaviest elements on the sam-
ple acquired at room temperature and in an air atmosphere (RT-Air) in all four compositions.
To irradiate and map the sample, we used the fly-scan snake mode with the scan starting on
the left-bottom corner of the image and the beam spot going up and down while sliding to
the right related to the sample. For optimizing the contrast two scans were performed with
different excitation energies: 10 keV, for mapping the I-Ly; (3938 eV) and Cs-L{(42YZ eV),
and 14 keV, for mapping Pb-La; (10551 eV) and Br-Ka; (11924 eV). The X-ray dose after irra-
diation corresponds to about 7.63 x 10® Gy deposited in the scanned region, where 1 Gy = 1
J/kgis a measure of the total energy deposited per quantity of material irradiated. [126] These
maps are damage free in the sense that, in the previous Chapter, we have shown that this ab-
sorbed dose is sufficiently low to not affect the chemical or morphological distribution, as
well the optoelectronic response of the sample in the irradiated region and near surround-
ings. [16] [96] [2] All dose values presented here are calculated via Python code available at
Appendix G.

The main heterogeneity present in the sample in the tens to hundreds of microm-
eters range are the well-described and characteristic of these Cs-rich compositions wrinkled
morphology [127] [54] as the increase in the topography height. The corrugations in the
sample are the result of the strain relief during step annealing of the film [23] and reach up
to a few micrometers height, with widths coming from 3 ym, in 10:38 and 40:48, up to ap-
proximately 10 um, in 20:38. Further details in morphology will be discussed later in the text.
The width and height of the wrinkles change according to the composition. The topography
has a huge impact on the total amount of the elements, once one can see that all 4 heavy
elements have a similar distribution following the main total mass distribution, as shown
in Figure 5.1. Despite this being a trivial observation, it is important to highlight that the
figure shows that the micrometer to millimeter range main properties and heterogeneities
are preserved in the new substrate. Furthermore, these pronounced heterogeneities are not

directly linked to stoichiometric variations in the sample. These large-area scans do not pro-
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vide enough photon counting in order to study more subtle variations in the proportions of
the elements in the sense that the ratio between the bromine and lead fluorescence signals,
Br:Pb, is the same overall within the noise of the measurement. In other words, they do not
have sensitivity to track the variations in the stoichiometry of the material.

To observe stoichiometric variations smaller scans with higher acquisition time

in smaller areas around the wrinkles were performed (Figure 5.2).
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Figure 5.1: X-ray fluorescence maps for samples (a) 10:38, (b) 20:38, (c) 30:38, (d) 40:38. Colormaps goes from
minimum to as maximum as it goes from white to the dominant color representing each element: red - I, green
- Cs, purple - Pb, blue - Br.

The analysis between the fluorescence signals ratios, especially the Br/Pb ratio,
indicates a variation in the stoichiometry highly correlated to the ~5 ym morphology fea-
tures when analyzing a smaller region as shown in Figure 5.2. In these 5 x 5 um? scans (30
ms integration per point) , one can observe that there is a gradient in the Br/Pb ratio that is
anticorrelated to the morphology gradient representative of the wrinkles. More specifically
from the valley regions of the morphology to the hill regions, one can observe a decrease
in the Br content with respect to the Pb when compared to the valley regions. This varia-

tion in the Br stoichiometry with respect to the Pb, which is expected to be less sensitive to
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segregation due to its lesser mobility, [128] prevails over all the samples. A sudden variation
happens however at the 20:38, in which the wrinkles become larger (~10 ym), and yet less
pronounced resulting in a more homogeneous distribution of matter. Simultaneously the
variation in the Br:Pb ratio is less prominent in this composition. For the Br:Pb ratio maps
presented in Figure 5.2 a binning in the image by a factor of 4 was applied in order to reach
enough statistics for the analysis. That is why the maps are presented with different pixel

sizes.

2 3 2 3 4
x [um] X [um]

Figure 5.2: Stoichiometric analysis. X-ray fluorescence maps for samples (a) 10:38, (b) 20:38, (c) 30:38, (d) 40:38
in smaller plots. Large plots are the Br:Pb plots calculated from Br and Pb maps on left for each composition.
Violet arrows indicate the direction of the morphology gradient. In the ratio maps the arrow show the decrease
in the relative amount of Br with respect to Pb as it crosses the corrugation.

5.2.2 X-ray excited optical luminescence - XEOL

Associated to the variation in the stoichiometry, it is expected a variation in the optoelec-
tronic response of the sample. [21] More specifically, the regions with more Br content most
probably have a larger bandgap, and consequently a blueshift in its luminescence emission.
To track that, XEOL experiments were conducted in the samples. As we scanned the sam-
ple, crossing the wrinkles, we observed that the luminescence signal varied in intensity and
energy position strongly correlated to the morphology. Figure 5.3 shows the two lines repre-
senting the 10 keV beam path during the step-scan trajectory over the samples. At every 20
s (L1) or 60 s (L2) the beam that was continuously irradiating the sample was moved 3 pm
to the next spot remaining while acquiring one spectrum every 1 s. One first observation is
that the total intensity in the luminescence increases as the beam crosses the wrinkle, which
is expected since there is an increase in the total amount of material, resulting in a more in-
tense signal. In additon, the XEOL signal has a significant redshift from 1.75 eV to 1.66 eV
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as the X-ray beam crosses the wrinkles, which agrees with the Br:Pb ratio maps variation.
This redshift behavior is consistent and present in all X:38 compositions, with only a global
blueshift following the increase in Cs-content in the mean stoichiometry. The mean emis-
sion positions are present at 1.62 eV, 1.675 eV, 1.69 eV, and 1.735 eV for the 10:38, 20:38, 30:38
and 40:38, respectively (Figure 5.4).

Very interestingly, studying each point of irradiation separately, the total lumi-
nescence signal decreases with time of irradiation, followed by a decrease in the total amount
of iodine seen by XRE This is a consequence of a beam damage caused by the high dose de-
posited on the sample with the 200x500 nm? nanobeam irradiating the same position, which
purges the material. Besides the removal of the iodine (and other parts such as the organic
cation, as observed in Chapter 4), the remaining perovskite keeps the emission position al-
most unchanged. The same process is observed in Chapter 4. This behavior is common to
all the samples in the series. One interesting trend, however, is the fact that the decay time
of both iodine content and XEOL signals is reduced with the decrease in the total Cs of the
composition. This observation reinforces the fact that increases in Cs content imply a better

resilience of the sample, in this context for the XEOL with respect to X-ray beam irradiation.
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Figure 5.3: X-ray excited optical luminescence. Fluorescence maps for samples (a) 10:38, (b) 20:38, (c) 30:38,
(d) 40:38 in smaller squares. Black arrow indicate the lines crossed over the sample as the XEOL is monitored at
each second. 2D plots of XEOL spectras for each lines show the redshift as the probe crosses the wrinkle. The
graphs show the total luminescence intensity (orange) and iodine content (blue) variations at the beam rests
60 s at each point of the line scan. The fluorescence maps in 14 keV for Pb and Br maps for the 30:38 samples
were not acquired due to a malfunctioning of the beamline shutter.

For a more representative sampling of the optoelectronic response of the mate-
rial, collections of XEOL spectra were acquired at every 1s with a deadtime of 0.1s between

acquisitions as the beam fly-scanned a 50 x 50 um? area during 172s with a speed of 50
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pm/s. Figure 5.4 summarizes the spectra for each composition studied. This strategy is a
smart way to avoid the issue with the damage suffered by the sample as observed in Figure
5.3, and even though it does not provide an image, it produces a response that is on average
a good representative of the sample sensitive to spatial variations in some lengths. One can
see that, for each composition, the peaks can be grouped in two main components: one at
the lower energy position with a higher intensity, representative of the moments in which
the x-ray beam is predominantly over the hill of the morphology, and other at a higher en-
ergy with lesser intensity, that is correlated to the valley regions. The clustering effect can
also be visualized in Figure 5.4, where for each composition one can see that the points are
dispersed in two groups, lesser in some cases such as in 40:38, and extremely pronounced

for 30:38 for example. Also, the behavior of the bandgap increases with the Cs content in the

sample.
XEOL Emission - Maxima positions
l6ev 1.8ev
10:38 20:38
1.775-
] O ]
7 : 3 3 L0} =
: 3 i : = ="
= = = v oy
g s 3 g # 3 > ! Fin’y
8 8 g & Z1.725- T2 i
E i 4 z E 5 o, B
= . b
15 ﬂ 18 18 15 n 18 1'9 16 17 1’8 19 )6 n 18 1o 81.700- :
y lev) y (ev] Energy [eV] v [eV] Q.
(0]
; ; Y
30:38 40:38 gl 6754
) ] ] | & ol®

. - o o 1650-  ©
s i < z 1’8{% L. s
g ‘ : ‘ 1625 3= Tt
18 i B i M S

lﬁ 1? ][8\I\lg 16EIJ ng\d]lg 16 11 I[SV]lQ 16 ]? lEBVI)Q 10}30 20'38 30'38 40'38

Acquisition

Figure 5.4: XEOL spectra acquired during fly-scan. Each spectrum is acquired during a 1s integration time,
while the beam is fly-scanning the sample. The color of the line for the plot is chosen according to the position
of its maxima. Color code is shown in the bar over the spectra. The position of the maxima is scattered for each
sample in the plot on the right. Points in red are with respect to sample 10:38, orange 20:38, green, 30:38 and
blue 40:38.

Despite the relevant information that these two methods of acquisition bring,
they still lack important information and/or reliabilities in some aspects. The line scans
crossing the wrinkles continuously irradiate the sample, which damages the sample in the
sense that even though the energy of the emissions shows no changes, the total intensity
decreases, so possibly the initial spectra are not pristine, since it has some effect of the pre-
vious moments in which the beam crosses the sample to reach the next point in the scan.
The flyscan deposits a very low dose in the sample minimizing possible damages, however,
it does not provide spatial resolution. To solve these problems, a new approach to measure
the sample was proposed to the setup.

Using the control infrastructure of the beamline, which enables the use of indi-
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vidual triggers between the elements of the optics, detection and beam control, a determin-
istic control architecture was implemented, based on the Trigger And Timer Unit (TATU), an
in-house development for FPGA-based applications created on NI's CompactRIO (cRIO) TTL
signals. TATU is configured via EPICS to receive and distribute triggers from/to controllers
setting the detectors, shutters, and other components of the beamline. The architecture pro-
posed is illustrated in Figure 5.5. A master trigger with size AT7,;4; is sent to all the compo-
nents. The detectors are configured to acquire exactly after this signal for a given time ATs;,,
slightly smaller than AT7r,4;, to avoid conflicts such dead times of the detectors, while the
shutter is configured to open just after a delay 6 r and keep open for an interval AT}, qqiarion
and than close again before the end of the ATs,;, period by 6¢. The experimental values

used for the time constants were:
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Figure 5.5: Trigger architecture for XEOL maps.

This time structure is repeated at each step as the beam moves through the sam-
ple, and summed up to the fact that each point of acquisition is separated by 3 yum in the
maps that we performed, we guarantee that at every single position, the original undamaged
signal from the sample is acquired, since the region is only irradiated after the acquisition is
initiated and the N, atmosphere guarantees that for irradiation of 0.7 s not observable dam-
age were caused by the adjacent points, as showed in the previous chapter (Figure 4.11).

The maps resulting from this step-scan acquisition method are shown in Figure

5.6. The fly-scan measurement of the I-L3 fluorescence performed in the same position with
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better resolution (500 nm) is presented on top of each sample with a contour line at the
threshold value of 50% of the maximum of the counting. The same contour is plotted over
the resulting luminescence maps from the new approach. The first initial observation is
that, as one could expect the regions of the morphology with the largest amount of matter
show a brighter luminescence signal, since a higher amount of matter generates a higher
luminescence signal. The other predominant feature that confirms the observed previously
by the line scan is the redshift of the emission from the valley to the hill regions, which is a
direct consequence of the stoichiometric variations observed in the Br:Pb ratio maps from
Figure 5.2. The variation within the map of each sample portrays the dispersion illustrated
in Figure5.4, with a tendency of lower energy emissions as lesser Cs in the composition. The
particularly broad dispersion in the emission that was firstly observed for sample 30:38 in
Figure 5.4 is again observed in its map, with a larger contrast in the emission from the hill to
the valley regions when compared to the other samples.

Further investigation of the spatial variations in luminescence response and the
correlation with the wrinkle morphology using the Multivariate Curve Resolution with Al-
ternating Least Squares (MCR-ALS) and Principal Component Analysis (PCA) approach is
presented in Appendix J.

5.2.3 Nanodiffraction

Nanodiffraction experiments were conducted in order to correlate the lattice parameter size
with the stoichiometric variations in the samples. The polycrystalline nature of the sample,
with crystallites smaller than 100 nm in average, makes it impossible to measure the single-
grain strain field in these samples since Taruma’s beam is larger than that. However, the
average lattice parameter in the micrometer size range is possible to achieve. As the film is a
powder, with no texture or preferential orientation, as the beam crosses the sample, eventu-
ally some crystallites will be in diffraction condition, and some of the fraction of the powder
ring that eventually hits the detector will be acquired. The model for the nanodiffraction
analysis is described in Appendix F.

Simultaneously to the XEOL maps (excitation at 7 keV), nanodiffraction of the
samples was acquired at the peak of the (100) family of the cubic perovskite structure with
detector positioned at fixed position covering the 20 range from 13.6° to 18.2° (q = 0.85 A™!
- 1.12 A1) at the distance of 1.1 m from the sample, with pixel size angular resolution of
0.003°. The section of the powder ring selected by the detector corresponds to ~16° (4.5%
of the total 360° of the reflection). As the beam scanned the sample, a few grains were at
good orientation for diffracting into the detector, creating a collection of diffraction peaks,
which are shown in Appendix H. Integrating the total intensity of each diffracting speckle
one can obtain the diffracted intensity maps in Figure 5.7. The intensity maps in this case

are only guidelines of the diffracting positions for the eyes since one cannot guarantee that
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Figure 5.6: XEOL maps. From top to bottle the I fluorescence, the position of the maxima of the emission
(Energy of emission) and the total luminescence intensity are presented from samples (a) 10:38, (b) 20:38, (c)
30:38, (d) 40:38. Black line are the 50% of the maximum fluorescence in the area contour lines.
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each of these peaks are at the maximum of its rocking curve, and therefore no information
of crystallinity for example can be discussed. Figure 5.7 also presents the fluorescence maps
with the 50% threshold contour lines in black, which are reproduced in the Diffracted inten-
sity maps and the lattice parameters maps segmenting the total area studied in two regions
hill (gray), where the fluorescence is higher than 50% of the maximum intensity, and valley
(white), where the fluorescence is lower than 50% of the maximum intensity. Consistently
the majority of diffracting points are over or close to the hill regions, which can be explained
by the higher amount of matter in these regions, which increases the probability of a diffrac-
tion to occur.

Determining the center of mass of each speckle is possible to calculate the local
lattice parameter of the sample, which is shown in Figure 5.7. The average lattice parameter
for samples 10:38, 20:38, 30:38, and 40:38 are calculated as 6.27 A, 6.26 A, 6.24 A, and 6.26
A, with standard deviations of 0.04 A, 0.03 A, 0.03 A, and 0.03 A, respectively. This sequence
shows a small tendency for decrease in the lattice parameter with the increase of the Cs con-
tent that is not respected by 40:38. The decrease in the lattice parameter is expected due to
the smaller radius size of the Cs* cation compared to the FA", and it was already observed in
previous studies [127] [16] and by non-synchrotron diffraction data discussion to presented
Section A.1. The reason for the 40:38 not respecting the tendency is the fact that only a small
number of points are diffracting in each map, which makes the statistics to determine a true
mean value unsurprisingly low. The standard deviations of each map do not even allow to
separate the smallest to the largest average value obtained. Despite that, the nanodiffraction
was capable of tracking spatial variations in the lattice parameter with 0.001 A resolution in
real space. The largest variation in lattice parameter was found in 10:38 of 0.187 A, while
40:38 has the smallest difference between the two most distant lattice parameters measured,
0.113 A.

In fact, for this sample, nanodiffraction may not be the best strategy to study
the correlation between morphology and d-space variations. Microdiffraction with a slightly
larger beam, for example, would provide better statistics, and the detector positioned with
access to a larger portion of the reciprocal space would improve the amount of data available,
even though it would cost spatial resolution in the scanning and reciprocal space resolution

in the detector. No conclusive information could be taken from this dataset.

5.2.4 Ptychography - Ptycho

Despite this stoichiometric variation in the sample, strongly correlated to the micro-scale
morphology, with direct implications in the optoelectronic response of the material, we ob-
serve that the wrinkle morphology does not imply in significant changes in the grain mor-
phology. The area of 10x10 um? was scanned with a step of 100 nm, >50% overlap in the
probe size (500 x 200) HxV nm?, including random variations in the 10100 probe positions
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Figure 5.7: Nano-XRD maps. From top to bottle the I fluorescence, the lattice parameter and diffracted intensity
are presented for samples (a) 10:38, (b) 20:38, (c) 30:38, (d) 40:38. Black line are the 50% of the maximum
fluorescence in the area contour lines. Black lines segments the total area studied in two regions hill (gray),
where the fluorescence is higher than 50% of the maximum intensity, and valley (white), where the fluorescence
is lower than 50% of the maximum intensity.
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with respect to a perfect square grid to avoid raster artifacts in the reconstruction. [82] The
scan was performed at the energy of 10 keV in fly-scan mode with a constant velocity of 10
pm/s with a total acquisition time of 172s. The total dose of this scan was estimated to be
0.0015 GGy.

For the reconstruction, 256 x 256 pixels (55x55 um?) of the data PiMega area de-
tector at the distance of 1.1 m from the sample were used, resulting in a pixel size of recon-
struction of 10 nm. The object was initialized with random amplitude and phase maps. The
probe was initialized with the inverse Fourier transform of the average of the diffraction pat-
terns in the first mode. Six more modes were added as random fluctuations of the first mode,
and their maximum intensities were normalized to 15% of the first mode. The reconstruc-
tion was performed by combining 100 iterations of the Alternating projections (AP) [90] algo-
rithm, followed by 5000 iterations of the Relaxed averaged alternating reflections (RAAR) [91]
method, and finally, 1000 iterations of AP. The final R factor of the reconstruction reached the
value of 6.1%, 4.9%, 6.3% and 5.1%, for Figures 5.8.a, .b, .c and .d respectively. [89] The same
combination of reconstruction methods were used in all ptychographic reconstructed data
in this chapter.

The ptychography measurements show the variations in the phase with the same
sizes as in the morphology indicated by the higher amount of matter in the wrinkles mor-
phology. In the phase map one can see the wrinkle morphology with a larger phase delay,
in agreement with the larger amount of matter (Figure 5.8). Figures 5.8.b and .d also present
phase shift in smaller dimensions, indicating a lesser electron density (less matter) in the
contour of some nodular regions in the film's < 1 yum morphology. The large micrometer-
size corrugations can be easily reconstructed. The reconstructions presented for samples
10:38, 20:38 and 30:38 correspond to areas covering the top of the corrugations, while Figure
5.8.d correlates with a region between two relatively close wrinkles. Figures 5.8.a, .b and .c
have total phase shifts on the same order, which corresponds to very similar variations in
the electronic density. This 0.9 delay in the 10 keV phase is a very representative number to
the wrinkles in these materials, being present in most of the wrinkle reconstruction at this
energy, and a strong indication that the variation in the total amount of matter in these com-
positions do not change drastically with the increase of Cs in these materials. In this case,
the width of the wrinkles in 30:38 samples is considerably larger, 4 um large, compared to
the other compositions that are less than 3 ym in size. These observations match better the
tendency observed in the samples studied in the nanodiffraction experiments.

A more detailed inspection of the reconstructions can improve the visualization
of details. Focusing now on Figure 5.8.b, which is reproduced in Figure 5.9.a, the false color
code saturated around the average phase value in one standard deviation of the phase dis-
tribution in the area (20 of the phase histogram for the color bar range). This data selection
improves the contrast of the more subtle details that were once hidden in the large phase

shift of the wrinkled morphology. Oscillation in the phase shift shows fluctuations from 400
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Figure 5.8: X-ray ptychography. Reconstructed phase for samples (a) 10:38, (b) 20:38, (c) 30:38, (d) 40:38.

nm up to 600 nm in size. These dimensions are considerably larger than expected for the
grains in these compositions. But comparing these images with the SEM data to be pre-
sented in Section A.3 of the Appendix A, one can identify these images as clusters of grains
organized in the wrinkles as fish scales- or flakes-like structures. These flakes would eventu-
ally coalesce as the annealing temperature gets higher, increasing the average grain size over
the corrugation hill areas but not in the valley regions, as it is further discussed in Appendix
A.3. To validate the structures, a second ptychography acquisition was performed, and the
phase reconstruction is presented in Figure 5.9.b, where the same features in the electronic
density distribution are observed.

Cropping the 10 x 10 um? area into 4.6 x 5.6 um? better optimize the color bar
range for even finer details in Figures 5.9.c and d. The ~120 nm grains can be observed
within the 600 nm structures. This grain distribution is uniform, and no change can be ob-
served from hill to valley regions of the morphology. The same can be observed in Figure
5.8.d. However, the grain structures could not be observed in the 10:38 and 30:38 samples,
even though their formation was confirmed by SEM images (Appendix A). In fact, despite
the pivotal results in the micrometer size corrugation morphologies, and the visualization of
the submicrometer size structures such as the flake-like grain clusters and single <200 nm
grains in the 20:38 and 40:38 perovskites and pivotal reconstruction of the grain and damage
region with 17.4 nm resolution shown in Figure 4.13, not all reconstructions are capable to
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reach a final result that allows for the visualization of the sub-micrometer structures, as in
these scales the electron density is so small that even with the ptychography phase sensitivity
convergence is still an issue.
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Figure 5.9: Grain morphology. Reconstructed phase for sample 20:38. (a) is Figure 5.8.b, saturated at 1 of the
standard deviation of the phase distribution in the area. (b) is a second independent reconstruction of the
same area from a different dataset. (c) and (d) are zooms in (a) and (b), respectively, in the areas indicated by
the pink squares. The zooms highlight the grains with ~120 nm agglomerated in the region with an average
size of 600 nm.

5.2.5 Incident photon energy influence in the reconstruction

As simple improvement in the resolution is not expected to guarantee a better contrast for
this sample, and in fact only a gain from 17.4 nm to 11 nm, record of the beamline [3], was
possible, other parameters should be taken into account to improve the reconstructions. To
improve the ptychography phase contrast sensitivity in the reconstruction, the 40:38 sample
was measured in two different energies, 6800 eV and 10000 eV.

The energy parameter was chosen since, from the fundamental properties of the
X-ray interaction with the matter, the decrease in energy increases the cross-section with the
materials (not considering the absorption edges) which is expected to increase the scattered
signal, as shown in Figure 3.2. This strategy is commonly used in CDI experiments for soft

biological matter, such as cells, which has low absorption contrast and low scattered sig-
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nals. [129] [130] [131] Parameters such as the trajectory configuration or algorithms bench-
marks could also be explored. However, energy is the most promising one, as no trajectory
artifacts were found in the reconstruction shown before and it is a parameter that is expected
to improve the phase contrast sensitivity. Moreover, no algorithm specifically developed for
weakly scattering signal, such as Oversampling smoothness (OSS) [132] was available in the
reconstruction package used in this work.

Figure 5.10 compares the phase and amplitude reconstructed at the energies of
6800 eV and 10000 eV. Comparing the phases in the Figures 5.10.a and .b where one can
see the same features contained at a different phase interval, with small fluctuations in the
phase of 6800 eV while at the energy of 10000 eV the phase is flattened, smooth, and surpris-
ingly, the same can be observed in the reconstructed amplitude, which is usually much more
difficult to converge. Crops in the central region shown in Figures 5.9 provide better visual-
ization of the grains in both reconstructions. However, the grain presents a better contrast
and shape definition in the 6800 eV data (Figure 5.11.c, with a good resemblance between
phase and amplitude, indicating a better reconstruction. Despite the grain is still visible in
10000 eV, the contrast is worse, and the grain boundaries are not well defined. The amplitude

did not show satisfactory convergence in the higher energy reconstruction.
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Figure 5.10: Radiation energy effect in the reconstruction. Reconstructed phase and amplitude for sample
40:38 in energies of (a) 6800 eV and (b) 10000 eV. (c) and (d) are zooms in (a) and (b), respectively, in the areas
indicated by greeen squares. The zooms highlight the grains with ~120 nm. 6800 eV reconstruction shows a
better definition of the grains.

In summary, despite the lower pixel size, the low energy acquisition has the ad-
vantage of better contrast in the grain boundaries. The higher energy acquisition has the
advantage of definition in the micrometer morphology of the perovskite, in which case grain

structure is still visible, but with lesser contrast.
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5.2.6 Ptychography as a probe for early stages in the natural degradation

process of perovskites

During the experiments at the beamline, the current at the ring was lost for 2 hours, with a
simultaneous loss of nitrogen flow at the beamline leaving one of the 40:38 samples to air
(52% rH) atmosphere. Just after the reinjection, the sample continued being measured in
air atmosphere, until aging effects were noticed. The sample was changed and the environ-
mental conditions were reestablished. The data of the aged sample, however, fortunately,
showed interesting features related to the initial stages of segregation.

Figure 5.11.a show the ptychographic phase reconstructed at the beamline just
after the return of the beam where the corrugation with a larger amount of matter is marked
by the white strip on the diagonal, and some extra features with black contours (lesser amount
of matter) can be observed. The colored fluorescence maps in Figure 5.11.b present the cor-
rugations correlated to a higher amount of the main elements, but chemical marks of the
new features can be found. After one hour of acquisition the measurements shown in Figures
5.11.c and .d reveal that the marks in the ptychography start to appear in the fluorescence
maps as small strips following the same spatial pattern.

The black lines indicating an advance in the phase of the wavefront caused by
the material are correlated to a decrease in the electronic density of the material in these
regions, a consequence of a decrease in the total amount of matter. These regions with di-
minished amounts of matter presented only in the sample submitted in humid atmospheric
conditions, followed by a heterogeneity created in the fluorescence after a prolonged period
of exposure to harmful conditions, show an early stage of segregation/heterogenization of
the film.

The pattern and sizes observed in these new structures have a resemblance with
the hydrated and hexagonal phases structures observed in environmental scanning elec-
tron microscopy (ESEM) by Marchezi et al. [120] In their experiments in situ FEG-ESEM im-
ages were taken during the exposure of the 10:38 to a rH of 75% for 5 hours, to monitor the
degradation reactions. They observed the first signs of degradation appearing after 1h of
exposure to the humid atmosphere as hexagonal phases, and later emergence of hydrated
phases. The group was capable of correlating the straight structures with hydrated phases
and the small nodules that can be observed in Figure 5.11.a with the rise of small islands of
hexagonal phases. However, they could not observe any compositional inhomogeneities, as
the ones shown in the fluorescence maps in Figure 5.11.d. The decrease in the electronic
density in these regions marked by the phase advance also corroborates the presence of hy-
drated phases since the water intercalation in the perovskite structure causes a volume ex-
pansion. [133] This evidence summed up to the fact that such structures were only observed
in the sample submitted to the humid atmosphere leads to the hypothesis that it is a mark of

the early stages of the degradation process by the H,O intercalation in the structure.
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Figure 5.11: Early stages of perovskite degradation probed by x-ray ptychography and x-ray fluorescence. (a)
and (c) are the reconstructed phases of two different positions of the sample separated by 1h of aging in humid
atmosphere. (b) and (d) are the respect fluorescence maps of (a) and (b). The structures that appear in both

reconstructions are attributed to hydrated phases of the perovskite with lower electronic density from the in-
corporation of water.
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5.3 Correlative discussion

The observed stoichiometric variations in the Br/Pb ratio, coupled with intricate elemental
distributions, underscore the complex heterogeneities inherent in Cs-rich perovskite com-
positions. This complexity aligns with recent literature, acknowledging the impact of local
variations on the macroscopic behavior of perovskite materials [54]. The anti-correlation
between Br content and the morphology gradient further hints at a structural influence on
elemental distribution, challenging simplistic models. The interplay between stoichiometry
and morphology echoes findings in similar perovskite systems, emphasizing the need for a
comprehensive understanding of compositional heterogeneities [54].

XEOL experiments contribute valuable insights into the optoelectronic response’s
sensitivity to structural variations. The observed redshift in the XEOL signal, correlated with
stoichiometric changes, aligns with recent studies highlighting the influence of halide com-
position on perovskite bandgaps [134]. The optimal experimental conditions for reaching
the necessary stability of the sample are crucial for advancing perovskite applications, em-
phasizing the need for sustainable and reliable material behavior.

This multimodal analysis significantly contributes to the fundamental under-
standing of Cs-rich perovskite heterogeneities. It resonates with recent literature, providing
a nuanced perspective on the intricate interplay between composition, structure, and opto-
electronic properties [55] [54]. The correlation between structural, elemental, and optoelec-
tronic aspects enriches our understanding and sets the stage for future studies, focusing on
the dynamic evolution of these materials under controlled conditions [135] [136].

The observed stoichiometric variations in the Cs-rich perovskite samples, strongly
correlated with micro-scale morphology, have direct implications for the material’s opto-
electronic response. Remarkably, despite the significant stoichiometric differences across
the samples, the micro-scale grain morphology remains relatively unaffected. The intricate
analysis conducted through advanced techniques sheds light on the structural and compo-
sitional aspects, providing valuable insights.

The observed stoichiometric variations in Cs-rich perovskite samples, despite
their correlation with micro-scale morphology, may be attributed to the inherent compo-
sitional dynamics during the deposition process. Cs-containing perovskites are known for
their sensitivity to processing conditions, and the observed variations could be linked to
preferential segregation or redistribution of Cs ions during film formation. Literature sug-
gests that subtle changes in precursor concentrations or annealing conditions can signifi-
cantly impact the stoichiometry of perovskite films [137] [138] [139]

Ptychography measurements, performed at 10 keV with a scan area of 10x10 pm?,
elucidated the morphological intricacies at the micro-scale. The detailed reconstruction,
employing Alternating Projections (AP) and Relaxed Averaged Alternating Reflections (RAAR)
algorithms, highlighted variations in phase, indicative of electron density variations. The
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30:38 sample, exhibiting larger wrinkles, showcased a distinctive 0.9 phase delay, consistent
with higher material density. The reconstructed morphology revealed pronounced corruga-
tions and additional examination disclosed submicrometer structures resembling fish scales
or flakes.

The uniformity of micro-scale grain morphology across different stoichiometric
compositions suggests that the growth dynamics during deposition play a crucial role. It
aligns with studies indicating that certain perovskite compositions exhibit robust morpho-
logical features, resisting significant changes under specific deposition conditions [140], in
particular for the samples deposited over mylar in which the annealing process is softer due
to the lesser temperature that the substrates reaches compared to other substrates. This is
further discussed in Appendix A.

Despite the discernible micrometer-scale corrugations, a detailed examination
of Figure 5.8.d indicated a uniform distribution of 120 nm grains. Notably, the grain dis-
tribution appeared consistent across hill and valley regions. Nanodiffraction experiments
further revealed a variation in lattice parameters with subtle decrease in average lattice pa-
rameters with increasing Cs content, aligned with predictions. This concurrence supports
recent discussions on the influence of Cs incorporation on the crystal lattice structure, yet
no definitive correlation with the morphology.

The lack of a clear correlation between lattice parameter variations and mor-
phology may stem from the limitations of the nanodiffraction technique. The difficulty in
measuring single-grain strain fields due to the polycrystalline nature of the samples might
obscure subtle variations.

The lack of a clear correlation between lattice parameter variations and micro-
scale morphology may stem from the intricate interplay between halide content variations
and crystal structure in Cs-rich perovskite films. While the stoichiometric variations between
the films primarily involve the Cs content, halide composition (specifically iodine content)
also plays a crucial role in determining the properties of perovskite films.

One potential explanation for the observed complexity is the non-uniform dis-
tribution of halides within the hill and /or valley regions of the film. [141] Halide segre-
gation, either at grain boundaries or within specific crystallographic planes, could intro-
duce localized variations in the lattice parameters that trouble the data segmentation due
to the low statistics during the acquisition. Nanodiffraction techniques may face challenges
in capturing these nuanced halide-induced changes, especially in polycrystalline samples
where the distribution of halides might not be uniform across all grains. Furthermore, vari-
ations in halide composition led to changes in the electronic structure and bandgap of the
perovskite film as observed in the XEOL experiments. The electronic properties of Cs-rich
perovskites are known to be sensitive to halide composition, affecting their optoelectronic
performance. This interdependence of halide content and electronic structure adds an-

other layer of complexity to the relationship between stoichiometry-driven lattice parameter
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changes and micro-scale morphology.

Defects or strain fields within the grains could also contribute to the observed
variations, with halide-induced distortions interacting with the lattice structure. The intri-
cate coupling of halide content, crystal structure, and micro-scale morphology underscores
the need for comprehensive characterization techniques. Advanced methods such as micro-
Laue [142] [143] and BCDI [144] could offer higher resolution and statistical relevance, en-
abling a more detailed investigation of halide distribution and its impact on lattice param-
eters at the nanoscale. To unravel the complete picture, integrating nanodiffraction data
with advanced characterization techniques becomes imperative. This holistic approach will
not only enhance our understanding of the role of halide content in the observed variations
but also shed light on the intricate relationship between composition, crystal structure, and
micro-scale morphology in Cs-rich perovskite materials.

In an effort to enhance resolution and contrast, the incident photon energy was
varied between 6800 eV and 10000 eV. Lower energy acquisition at 6800 eV exhibited superior
contrast in grain boundaries, while higher energy at 10000 eV provided clarity in micrometer
morphology. This observation underscores the significance of incident photon energy in
influencing ptychography reconstruction outcomes.

The observed influence of incident photon energy on ptychography reconstruc-
tion outcomes aligns with fundamental principles of X-ray interactions. Lower energy ac-
quisitions enhance sensitivity to weakly scattering materials, improving contrast in grain
boundaries. This strategy finds precedence in coherent diffractive imaging experiments for
biological samples [145].

Unexpectedly, an interruption in beamline operations provided an opportunity
to capture the early stages of degradation. Ptychography measurements on the aged 40:38
sample unveiled phase features indicative of material loss, corroborated by fluorescence
maps. The appearance of small strips following a distinct spatial pattern suggested the initi-
ation of segregation or heterogenization. This phenomenon bears resemblance to structures
observed in environmental scanning electron microscopy (ESEM) during degradation stud-
ies. The observed hydrated and hexagonal phases in the aged sample align with findings by
Marchezi et al. [120], who identified similar structures during exposure to humid conditions.
The decrease in electronic density in regions exhibiting phase advance is indicative of water
intercalation and volume expansion, reinforcing the hypothesis of early-stage degradation.

The observation of early-stage degradation features in aged samples could be at-
tributed to the infiltration of water molecules into the perovskite structure, causing changes
in electron density. This aligns with studies indicating the susceptibility of perovskite films
to environmental conditions, leading to phase transformations and structural degradation
[16] [146] The comprehensive analysis presented herein contributes to the understanding of
Cs-rich perovskite materials’ intricate behavior at the micro-scale. The correlation between

stoichiometry, morphology, and optoelectronic response opens avenues for targeted mate-
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rial design. Future work could leverage computational modeling to validate experimental
findings and explore the impact of varied processing conditions. The observed early-stage
degradation phenomena underscore the importance of environmental stability in perovskite
applications, warranting further investigations into degradation mechanisms and mitigation

strategies.

5.4 Conclusions

X-ray ptychography, XRE XEOL, and nanodiffraction experiments were conducted at the
CARNAUBA X-ray nanoprobe beamline (SIRIUS/LNLS) to investigate metal halide perovskite
(MHP) materials. The study focuses on the correlation among morphology, stoichiometric
chemical distribution (X-ray fluorescence - XRF), and optoelectronic response (X-ray excited
optical luminescence - XEOL) of CsyFA;_«Pb(Brg 33lp.62)3 thin films deposited on mylar sub-
strates providing a cost-effective alternative for X-ray transmission techniques.

XRF maps revealed a correlation between the wrinkled morphology and varia-
tions in Br:Pb stoichiometry. The Br:Pb ratio, especially in smaller regions, showed an an-
ticorrelation with the morphology gradient, indicating stoichiometric variations associated
with the wrinkles. XEOL experiments demonstrated variations in luminescence intensity
and energy position correlated with the morphology. The luminescence signal exhibited a
redshift as the X-ray beam crossed the wrinkles, consistent with the Br:Pb ratio maps.

Ptychography in phase contrast (10 nm pixel size @10 keV) reveals morphological
aspects not visible in traditional scanning transmission. The possibility of measuring in fly-
scan mode and N, atmosphere was essential to mitigate damages, typically the main limiting
factor to applying the CDI in such samples. And the results in multispectral images of MHP
are a paramount step in developing and applying the technique in beam-sensitive samples
for high-resolution imaging. The reconstructions revealed variations in phase and ampli-
tude, highlighting features such as wrinkles, grain structures, and submicrometer details.
Despite these correlated changes in the chemical proportions and the wrinkle morphology,
no changes in the grain size or morphology were observed. The ptychography however, in-
dicated ~700 nm grains agglomerations, where the ~120 nm grain seems to be more coa-
lesced. Further studies with ptychography as the energy optimization for reconstructions
and the application for the study of early stages in natural degradation were performed.

Overall, the study employed a combination of advanced X-ray techniques to un-
ravel the complex correlations among morphology, stoichiometry, and optoelectronic prop-
erties in metal halide perovskite materials. The findings contribute to the understanding of
perovskite behavior under different conditions, offering insights into potential applications

and challenges, particularly in the context of hierarchical processes.
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CHAPTER 6

GENERAL CONCLUSIONS AND PROSPECTS

The study employed a multi-technique approach, combining synchrotron tech-
niques with non-synchrotron methods. This strategy, which included X-ray diffraction, atomic
force microscopy, scanning electron microscopy, micro-photoluminescence, and cathodo-
luminescence, provided a thorough understanding of the structural, morphological, and op-
tical aspects of the perovskite films.

The use of various characterization techniques revealed spatial and composi-
tional variations within the perovskite films. The correlation between morphology and XEOL,
as observed in photoluminescence and cathodoluminescence mapping, suggests that the
film’s microstructure plays a crucial role in determining its optical properties.

The incorporation of cesium (Cs) in perovskite compositions influenced the ma-
terial’s properties, leading to shifts in X-ray diffraction peaks, changes in luminescence emis-
sion energies, and variations in film morphology. The study highlighted the importance of
understanding and controlling Cs content for tailoring perovskite film properties.

The comparison of photoluminescence, cathodoluminescence, and X-ray-excited
optical luminescence emphasized the significance of penetration depth in each technique.
While visible light in photoluminescence primarily probed the surface, 10 kV electrons in
cathodoluminescence explored subsurface structures, and X-rays in X-ray excited optical
luminescence provided insights into bulk properties.

Controlling X-ray beam dose and environment, such as using an inert N, atmo-
sphere, emerged as a strategy to mitigate damage to the perovskite films during characteriza-
tion. This optimization allowed efficient probing of material properties with reduced harm.
And made it possible to perform the first ptychography measurement in hybrid perovskites.
Further application of the ptychography observed micrometer-scale corrugations, indica-
tive of strain relief during annealing, are distinctly captured. The larger phase shifts associ-
ated with these corrugations suggest a higher density of material, aligning with the observed
topographical features. Notably, the width and height of these wrinkles exhibit variations
among different compositions, emphasizing the sensitivity of ptychography to subtle struc-
tural changes.

Examining specific compositions, such as the 20:38 and 40:38 samples, reveals

the capability of ptychography to capture details in the sub-micrometer range. The oscilla-
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tions in the phase shift, on the order of hundreds of nanometers, correspond to fine features
within the material. These features, as suggested by the comparisons with SEM data, could
be associated with clusters of grains organized in a flake-like structure.

The parallel use of various techniques, both synchrotron and non-synchrotron,
offered a holistic perspective on the properties of metal halide perovskite films. This ap-
proach facilitated cross-validation of results and contributed to a more comprehensive un-
derstanding of the material.

The choice of substrate, such as mylar or glass, has a substantial impact on the
properties of metal halide perovskite (MHP) films. Variations in grain sizes, morphology,
and luminescent characteristics were observed between different substrates, emphasizing
the need to consider substrate effects in perovskite research.

In summary, the study underscores the complexity of metal halide perovskite
films, demonstrating the intricate interplay between substrate choice, composition, mor-
phology, and luminescent properties. The multi-technique and parallel characterization
approach presented in the research contribute valuable insights for advancing the under-
standing and application of perovskite materials. As consequence, we foresee that these
results pave the way to new correlative in-situ and in-operando experiments with hybrid
perovskites. Also, the ptychography is prospect as a new probe for the early stages of degra-

dation that were once inaccessible to the other techniques.
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APPENDIX A

NON-SYNCHROTRON CHARACTERIZATION OF
METAL HALIDE PEROVSKITES

In this chapter non-synchrotron characterizations of the films were performed
to complement and support the observations with the synchrotron techniques described in
the previous chapters. Moreover, some of the characterizations were performed in samples
deposited over a glass and the newly explored mylar substrate, as an alternative for a cheap
and easy access x-ray transparent substrate, with no absorption or phase contrast, for sample
deposition as required for transmission techniques as ptychography.

The set of techniques used for this parallel characterization includes: tabletop
x-ray diffraction (XRD) [69], atomic force microscopy (AFM) [147], scanning electron mi-
croscopy (SEM) [148], micro-photoluminescence (u-PL) [149] and cathodoluminescence (CL)
[150]. The choice of techniques was made to create a parallel between the synchrotron tech-
niques to complement and corroborate with the previous results. X-ray diffraction allowed
us to compare the values of lattice parameters in the small crystallites in the nanodiffrac-
tion with the average lattice parameter in each sample. Furthermore, XRD also gave insight-
ful information about the phases formed in the new mylar substrate that was used in the
synchrotron experiments, especially comparing the results with a more conventional and
well-established glass substrate. p-PL and cathodoluminescence are the complementary
techniques to the XEOL, which probe the luminescence response excited in two different
manners. While XEOL produces luminescence from the electron-hole recombination from
the pairs created from the cascade after the excitation of a core electron, PL extracts the lu-
minescence from exciting electrons near the bandgap with a much less energetic excitation
photon (420 nm, 2.95200 eV) compared to the 7 or 10 keV used in XEOL experiments. PL
comes in the sense of comparing the XEOL experiments with a well-established technique.
Cathodoluminescence explores the luminescence excited with an electron beam and is as
new as the XEOL in studies applied to hybrid perovskites. The main interest in using the
XEOL and CL comes in the sense of studying new physics in these materials, and also com-
paring responses in different volumes of interactions since the X-ray beam is a bulk-sensitive
probe since it crosses all the sample and excites the deepest layers of the materials, while the

electron beam has a few nanometers penetration depth, probing only the near the surface
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emission channels of the materials. AFM and SEM are the ptychography’s corresponding
techniques. While ptychography, brings information about the general morphology of the
sample probing all the depths of the material and integrates all this information in the pro-
jection direction, topographic AFM probes the 3-dimensional shape of the surface with a
resolution that can reach values 1000 times better than the optical diffraction limit, but it is
limited to the variation of the surface. As is the case of SEM it is surface sensitive technique
that can create a high-resolution image depending on the magnification through the collec-
tion of secondary electrons emitted by the atoms, as it is scanned by the electron beam, as
it is, SEM is mostly sensitive to the topography and surface composition. For that matter, a
direct comparison is more intricate, and typically they work as complementary techniques.
For that matter, we are going to use the SEM and AFM information only as support evidence,

for some of our hypotheses, not as a validation of the ptychography results.

A.1 X-ray diffraction

X-ray diffraction data were obtained for the mylar substrate samples in the Bruker - D8 Ad-
vance Eco diffractometer, at the Brazilian Nanotechnology National Laboratory (LNNano) at
the energy of 8 keV from the range of 5° to 55°, with a 0.04° resolution, which corresponds
to the q interval of 0.35579 A™! to 3.7670 A~!. The glass substrate data were obtained for
the mylar substrate samples in the Shimadzu 6000 using Cu-K, radiation, with 40 kV, 30 mA
diffractometer, at the "Gleb Wataghin" Institute of Physics IGFW) - UNICAMP at the same
energy and angular range that the mylar samples with an angular resolution of 0.02°.

All 10, 20, 30, and 40% Cs-contents samples the XRD indicate the formation of
the perovskite phase in both substrates, as it can be observed in the diffractogram in Figure
A.l.a and .d for mylar and glass substrates. The major difference from the diffractograms is
the fact that in the mylar samples, there is a strong and large peak at q = 1.8142 A~! from
form the Al frame use as support for the mylar. The second major difference is the presence
of the Pbl, at 20:38 only in the glass substrate, marked by the peak at q=0.9058 A~!. As the Cs
content increases the dominant effect is the shift to higher q in the perovskite peaks which is
in agreement with the decrease of the lattice parameter as the Cs* substitutes the FA*, which
has a larger volume, contracting the crystal lattice [26]. In Table A.1 the peak positions are
summarized from the 100 peaks of the cubic perovskite that are highlighted in Figures A.1.b
and .e (pink region in Figures A.1.a and .d) showing the peak shift for a later q. The red and
blue lines indicate the position of the 110 peak of 10:38 and 40:38 in mylar substrate, q =
0.9965 A~ and q = 1.0218 A~ respectively. This shift however occurs differently between
the substrates. In mylar samples, this shift is actually caused by an inversion of two convo-
luted peaks, inverting the asymmetry of the resulting peak. As 10:38 is mostly symmetrical,
20:38, 30:38, and 40:38 have a asymmetric shape. 20:38 has a higher component in the lower

q direction with a small component to the right, which increases as the Cs content increases



A. Non-synchrotron characterization of metal halide perovskites 108

Position for 100 peak in the XRD data
Substrate | Cs content (%) | q A1) | d@&)
Glass 10 1.0009 | 6.2775
Glass 20 1.0110 | 6.2148
Glass 30 1.0080 | 6.2333
Glass 40 1.0223 | 6.1461
Mylar 10 0.9965 | 6.3054
Mylar 20 0.9967 | 6.2681
Mylar 30 1.0024 | 6.2681
Mylar 40 1.0218 | 6.1491

Table A.1: Position for 100 peak in the XRD data

until it reaches 40:38 in which the far-right component gets more intense than the smaller-q
one. These components also show a small displacement to larger q as the Cs content in-
creases. In the glass samples, however, the peaks only translate to larger-q (lower d) as the Cs
content increases, with only subtle variations in the asymmetry. The mylar samples have a
smaller d for all compositions in comparison to the glass samples, as all the perovskite peaks
in the diffractogram show a similar behavior.

Noticeably, the glass substrate shows the characteristic peaks of the tetragonal
phase in the regions highlighted in blue in Figures A.1.c and .f with the increase of the Cs
content, indicating the coexistence of the cubic and tetragonal phases for higher amounts
of Cs in the sample in agreement with which was observed by Beal. et al. [127] The same
behavior however could not be observed in mylar substrate, in which no indicatives of the
tetragonal phase could be found. However, the splitting in the peaks at q = 2.2424 A7, q =
2.8400 A1 and q=3.0122 A1 that Beal et. al. attribute as a indicate of the presence of the
tetragonal phase also appears in the mylar samples. This splitting also appears in the 100
peak, much more prominently than the lost of symmetry observed in both of substrates of

this work. In this referenced work, glass substrate was also used.

A.2 Atomic force microscopy

The Atomic Force Microscopy (AFM) methodology employed in this study involved conduct-
ing measurements in contact mode under controlled low humidity conditions (RH < 20%)
using the NanoSurf AFM system. In this approach, a specialized environmental chamber is
utilized to maintain the desired low humidity levels. The AFM tip, attached to a cantilever,
engages with the sample surface in contact mode. The controlled environment plays a piv-

otal role in modulating adhesive forces between the AFM tip and the sample. Specifically,
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Figure A.1: XRD diffraction from for 10:38, 20:38, 30:38 and 40:38 samples.(a) and (d) are the full diffractograms
in mylar and glass substrates. (b) and (e) are zoomed regions of the diffractogram around the (100) peak (pink
region in the diffractogram). Blue and red lines correspond to 10:38 and 40:38 peak positions in mylar substrate,
q=0.9965A"" and q =1.0218 A=!. (c) and (f) are zoomed in the region between 1.6 A=! and 2.3 A=!, with light-
blue areas indicating the position where the peaks indicating the presence of a tetragonal phase appears. (g)
are the superposition of diffractograms (a) and (d) saturating the Al frame peak for better comparison of the
substrates.
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diminished moisture content mitigates van der Waals and capillary forces, minimizing tip-
sample adhesion.

Examination of Atomic Force Microscopy (AFM) results shows the strikingly sim-
ilar topographical features among four compositions with an average grain size of 150 nm
become apparent. The AFM images of Samples 10:38, 20:38, 30:38, and 40:38 reveal a consis-
tent pattern of nanoscale structures, suggesting a shared underlying synthesis and formation
process, as observed in Figure A.2. All images were acquired in the transition region from the
hill to valley regions with a 5 x 5 um? area, with 10 nm resolution, except sample 10:38 which
was measured in a smaller area of 2.5 x 2.5 um? with the same resolution. No grain size dis-
tribution variation from different regions of the scans was observed. The uniformity in grain
size across all samples underscores the precision and reproducibility of the deposition tech-
nique employed, despite the large variation in the Cs content. Average grain size is slightly
smaller in 40:38 sample, 135 nm (Figure A.2.d and .h).

A few line artifacts can be observed in the AFM images, which are mostly at-
tributed to the non-rigid mylar substrate and possible humidity in the sample environment
during the measurement, since perovskite materials are known to be hygroscopic, mean-
ing they readily absorb moisture from the surrounding atmosphere. In this scenario, the
interaction between the AFM probe and the perovskite film on a non-rigid substrate can be
complex. The softness or deformability of the substrate may affect the force exerted by the
AFM probe during scanning, potentially leading to variations in the measured topography.
Furthermore, the presence of adsorbed moisture on the perovskite surface can influence the
adhesion forces between the probe and the sample, affecting the accuracy of the acquired

images.

A.3 Electron microscopy

SEM images were obtained using a HELIOS 5 PFIB CXE DUALBEAM microscope at the ac-
celerating voltage of 2.0 kV with a small current of 0.40 nA, at the magnifications of 25000
x and 50000 x. The electron micrograph of the samples are presented in Figure A.3. Before
acquisitions, tests were made and no beam damage was observed until 3 consecutive im-
ages were acquired in the same positions. No charging artifacts were observed. All samples
showed very similar features in the surface morphology, with grain sizes around 120 nm in
diameter. Variation in the grain morphology could not be observed correlated with the mi-
croscale topology of the wrinkles in mylar substrate. All compositions have similar grain size
distribution, with no correlation with Cs content. No anisotropic structures were present,
other than the corrugations. The same compositions deposited on the glass substrate have
different SEM morphologies compared to mylar ones, as shown in Figure A.4, with the av-
erage grain sizes growing as it is on the top of the hills in the morphologies reaching the

average size of 650 nm, with a distribution in which some of the largest grains are larger than
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Figure A.2: AFM topographies. AFM maps presented for samples (a) 10:38, (b) 20:38, (c) 30:38, (d) 40:38, in
mylar substrate. (e), (f), (g) and (g) are the respective 3D visualizations of the topographies. Maps for 20:38,
30:38 and 40:38 are of 5 x 5um? with 10 nm pixel size. Maps for 10:38 are of 2.5 x 2.5um? with 10 nm pixel size.
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800 nm. In the valley regions of the morphology, the grain size is around 150 nm in all four
compositions, slightly larger than the values observed for the mylar substrate.

These variations in the grain sizes between the substrates are attributed to the
annealing part of the deposition process. As the 15 x 15 mm? aluminum frame over which
the mylar film is fixed for sample deposition has a 10 mm in diameter hole in its center most
of the heat transfer to the sample in the center region of the mylar substrate in reduced due
to the small cross-section of the 6 um thick mylar substrate (Figure A.5). Summed up the
annealing process is performed not in vacuum (H,O and O, are kept below 10 ppm), and
the convection effects are not negligible in this case, the thermal homogeneity throughout
the whole film is not achieved and the temperature ramp and final temperatures in the de-
positions are different between the substrates. This implies impaired annealing in the mylar
films, ultimately, causing a poor crystallization in the sample, especially in the hill regions,
where the annealing process not only favors the formation of the wrinkled morphology [23],
but also can improve the crystallinity of the sample resulting in larger grain sizes, as one can
observe in the glass films.

a. 10:38 b. 20:38
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Figure A.3: SEM morphologies. SEM maps presented for samples (a) 10:38, (b) 20:38, (c) 30:38, (d) 40:38, in
mylar substrate. In hill and valley regions of the morphology. Two images on top for each sample have a
magnification of 25000 x, while two images on the bottom have a magnification of 50000 x.
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Figure A.4: SEM morphologies. SEM maps presented for samples (a) 10:38, (b) 20:38, (c) 30:38, (d) 40:38, in glass

substrate. In hill and valley regions of the morphology. Two images on top for each sample have a magnification
of 25000 x, while the image on the bottom has magnification of 50000 x.
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Figure A.5: Annealing processes in different substrates.
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Position of the maximum of the luminescence emission
Substrate | Cs content (%) | Mean emission position (eV) | Dispersion size (eV)
Glass 10 1.627 0.071
Glass 20 1.671 0.099
Glass 30 1.670 0.051
Glass 40 1.721 0.088
Mylar 10 1.631 0.072
Mylar 20 1.671 0.113
Mylar 30 1.702 0.150
Mylar 40 1.700 0.121

Table A.2: Position of the maximum of the luminescence emission

A.4 pu-Photoluminescence

To support and compare the XEOL observations PL. measurements were performed via an
excitation with a 420 nm laser in all X:38 compositions. The 1 um optical probe scanned the
sample with steps of 1 um crossing in a linear path the morphology of the sample. The u-PL
data were acquired at the Brazilian Nanotechnology Laboratory (LNNano), which is part of
the Brazilian Center for Research in Energy and Materials (CNPEM). The PL was obtained us-
ing a confocal Raman spectrometer Horiba XploRA plus. The studied regions of the sample
were selected using optical microscopy coupled to the equipment, and then PL measure-
ments were obtained in different regions with a beam size of around 1 pm. The excitation
source was a 420 nm laser in circular polarization [151] with a minimum power of 0.1% and
a minimum integration time of 1 ms with an average of 5 spectra per point. The emission
range studied extends from 550 nm up to 850 nm.

The same behavior previously described in XEOL (Figure 5.4) was reproduced
when the sample was scanned with a conventional u-PL probe and agreed with measure-
ments performed in both mylar and glass. It was also verified that in both substrates, the
correlation between the wrinkled morphology region and the shifts in the PL emission still
prevails. The maps of the regions correlated with these spectra are summarized in Figure 22.
One can see in Table ?? that the mean emission energy in both substrates are very similar, for
10:38 and 20:38, with 0.004 eV of difference or less, while in 30:38 and 40:38, the differences
are of 0.032 eV and 0.021 eV respectively. And, except from 10:38, which has a very similar
dispersion in both substrates, the mylar substrates seem to enlarge the difference the en-
ergy of emission between different points in the sample with a minimum dispersion 0of 0.113
eV for 20:38, 30:38, and 40:38 samples, in comparison with the respective samples in glass
that has a maximum dispersion of 0.099 eV. This evidences that with respect to the optical

response, the mylar substrate is less favorable for the homogeneity of the films.
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The 40:38 sample in glass has 4 points out of the main cluster, with a smaller
bandgap with emission around 1.30 eV. They were not included in the estimation of the dis-
persion size of the points. This is attributed to segregation in the sample since, that specific

sample was measured three days later than the others.
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Figure A.6: PL spectra acquired for samples in mylar substrate. Each spectrum is acquired during a 1 ms inte-
gration time for each 1 um step position on the sample. The color of the line for the plot is chosen according
to the position of its maxima. Color code is shown in the bar over the spectra. The position of the maxima is
scattered for each sample in the plot on the right. Points in red are with respect to sample 10:38, orange 20:38,
green, 30:38, and blue 40:38. Inserts on the graphs show the wrinkled morphology with a pink-like indicating
the path of the probe.

A.5 Cathodoluminescence

Cathodoluminescence (CL) mapping experiments were performed at HELIOS 5 PFIB CXE
DUALBEAM microscope, and a focused electron beam was employed at an accelerating volt-
age of 10 kV and a current of 100 pA to probe the optical and structural characteristics of the
sample. The utilization of a scanning electron microscope (SEM) equipped with a cathodo-
luminescence detection system facilitated high-resolution imaging. The electron beam sys-
tematically scanned the sample surface with a step size of 1 um crossing the corrugated mor-
phology of the sample, with an integration time of 0.5 s. This pixel size represents the spa-
tial resolution at which individual data points were collected during the mapping process,
however, it averages the majority over the 5 nm diameter area of the electron probe size.
This procedure was based on the guidelines for CL measurements in perovskite summarized
from literature [150] considering that: 1) incident e-beam current should be minimized, 2)
accelerating voltage should be minimized, 3)acquisitions time, meaning pixel dwell time,
should be minimized. As in the sense of methodology developed for the XEOL maps, the

large step in the map was also implemented in order to reduce the damage effect from the



A. Non-synchrotron characterization of metal halide perovskites 116

PL compositional trends — Glass substrate
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Figure A.7: PL spectra acquired for samples in a glass substrate. Each spectrum is acquired during a 1 ms
integration time for each 1 ym step position on the sample. The color of the line for the plot is chosen according
to the position of its maxima. Color code is shown in the bar over the spectra. The position of the maxima is
scattered for each sample in the plot on the right. Points in red are with respect to sample 10:38, orange 20:38,
green, 30:38, and blue 40:38. Inserts on the graphs show the wrinkled morphology with a pink-like indicating
the path of the probe.

neighboring irradiated regions. A fast-tracking of the damaged region of a single point CL
spectra indicated that steps smaller than 500 nm caused a considerable change in the next
point of acquisition, mostly in intensity.

The micrometer resolution CL maps (Figure A.8 revealed distinct luminescent
patterns correlated with the material’s microstructure. Regions with varying halide com-
positions exhibited diverse emission spectra, shedding light on the spatial distribution of
different amounts of matter within the perovskite film, corroborating the results observed
in PL and XEOL experiments. The variations in the position of the emission in the cathodo-
luminescence signal (Figure A.9) in were found to be directly related to the local chemical
composition, specifically the corrugation morphology of all four samples, associated to the
ratio of halides, as presented in Chapter 5.

A closerlookin the correlation between the morphology simultaneously acquired
by SEM indicates that regions with smaller energy emissions extend to areas larger than the
corrugation size as observed in the superposition of SEM and the emission energy maps in
Figure A.8. The smaller bandgap are extended from 3 to 4 ym apart from the main variation
(largest derivative in the brillance of SEM images) in the morphology

As in agreement with the observed in PL and XEOL experiments, and corroborat-
ing with XRF Br:Pb ratios, the hill regions of the wrinkled morphology have a CL redshifted
compared to the valleys. The average value for the emissions are: 1.722 eV, 1.749 eV, 1.733 eV,
1.749 eV, with standard deviations of 0.039 eV, 0.064 eV, 0.039 eV, 0.045 eV, for samples 10:38,
20:38, 30:38 and 40:48 respectively. For these values the intensity of each point was not take
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into account. The mean value of the position of the emission follows the trend of a blue shift
as the total content of Cs increases, except for the 20:38 sample, which has a larger simple
mean emission value than the other samples. However, if the emission is pondered by the
intensity of the average values are: 1.707 eV, 1.714 eV, 1.716 eV, and 1.733 eV, with standard
deviations of 0.037 eV, 0.055 eV, 0.034 eV, 0.039 eV.

The difference from the different averages indicated that despite a considerably
large variation in the emission of some compositions such as showed by 20:38, the average
response of the sample is dominated by the Cs content, and the morphology of the samples
plays an important role in the regularization of the Cs effect, since the wrinkled morphology,

that affects preponderantly the intensity of the emission position and its intensity.
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Figure A.8: CL mapping. CL maps presented for samples (a) 10:38, (b) 20:38, (c) 30:38, (d) 40:38, in mylar
substrate. For each sample is presented the total luminescence emission and the position in energy of the
maxima for each scanned point in the sample (Emission energy). A simultaneous SEM image is also presented.
The superposition of the SEM and Emission energy aids in visualizing the correlative effect of the morphology
and luminescence, and the spatial extension of its intricate behavior.
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Figure A.9: CL spectra during mapping of Figure A.8 acquired for samples in mylar substrate. Each spectrum
is acquired during a 0.5 s integration time for each 1 ym step position on the sample. The color of the line for
the plot is chosen according to the position of its maxima. Color code is shown in the bar over the spectra. The
position of the maxima is scattered for each sample in the plot on the right. Points in red are with respect to
sample 10:38, orange 20:38, green, 30:38, and blue 40:38. Inserts on the graphs show the wrinkled morphology
with a pink-like indicating the path of the probe.

A.6 PL, CL, and XEOL comparisons

Cathodoluminescence (CL) in semiconductors arises from the radiative recombination of
excess electrons and holes induced by an electron beam (e-beam). The luminescent pro-
cesses observed in CL measurements fundamentally mirror the process in PL and XEOL
measurements. In all three cases, excess carriers undergo drift, diffusion, and recombina-
tion through nonradiative and radiative mechanisms, whether stimulated by the e-beam
(CL) or by (visible or x-ray) photons means (PL or XEOL). Nevertheless, disparities in the
excess-carrier generation between these methods yield distinct information. In CL, the ex-
cited material’s volume is often considerably smaller than in PL, granting CL higher spatial
resolution. However, achieving a satisfactory CL signal frequently demands substantially el-
evated generation rates and injection levels. [150]

The penetration depths of different types of radiation, such as visible light, 10 kV
electrons, and X-rays, significantly impact experimental outcomes in techniques like XEOL
(X-ray Excited Optical Luminescence), CL (Cathodoluminescence), and PL (Photolumines-
cence). Understanding these penetration depths is crucial for accurate interpretation and
comparison of results obtained through these methods.

Visible light has a limited penetration depth of less than 100 nanometers in hy-
brid perovskites. [152] The shallow penetration makes it suitable for surface-level analyses,
capturing responses primarily from the material’s outer layer. In XEOL, CL, and PL exper-
iments, visible light excitation may provide information predominantly from the surface,
influencing the observed luminescent behavior. The 10 kV electrons exhibit greater pene-

tration depth, ranging in the first 200 nanometers. [150] This increased penetration allows
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for probing deeper into the material, reaching subsurface layers. In CL experiments, the use
of 10 kV electrons enables the exploration of subsurface structures, offering insights beyond
the material’s immediate surface. X-rays possess much larger penetration depths, extending
into micrometer ranges, in this case, the full cross-section of the perovskite film. The ca-
pability of X-rays to penetrate deeper layers makes XEOL an effective technique for probing
bulk properties of materials. In XEOL experiments, X-rays can excite luminescence through-
out a more extensive volume, capturing information from deeper within the material. In fact
the calculated values for the absorption for 10 keV photons for 500 nm thick perovskite film

with this composition are less than 2%. (Appendix G).

A.7 General remarks

In this complementary study, the non-synchrotron characterizations of metal halide per-
ovskite (MHP) films were explored, providing crucial insights to complement and support
observations made using synchrotron techniques. The use of mylar as an alternative sub-
strate for X-ray transparent applications, such as ptychography, was investigated due to its
cost-effectiveness and accessibility.

The X-ray diffraction analysis uncovered essential details about the perovskite
phases in both mylar and glass substrates, revealing intriguing differences in peak positions
and phase coexistence. AFM provided high-resolution topographical information, showcas-
ing consistent nanoscale structures across different compositions and suggesting a uniform
synthesis process. SEM images, obtained with a focus on ptychography support, revealed
variations in grain sizes between mylar and glass substrates, attributed to differences in the
annealing process and thermal homogeneity.

The p-PL measurements, serving as a comparison with X-ray excited optical lu-
minescence (XEOL), highlighted the influence of substrate choice on the homogeneity of
films. Notably, mylar substrates exhibited a less favorable outcome for the homogeneity of
films compared to glass. Similarly, CL. mapping experiments, performed with a focus on spa-
tial distribution, provided insights into luminescent patterns correlated with microstructure,
emphasizing the impact of Cs content and morphology on emission characteristics.

A noteworthy aspect was the comparison of PL, CL, and XEOL methods, each
offering distinct information based on their penetration depths. While visible light in PL pri-
marily captured surface-level responses, 10 kV electrons in CL delved deeper into subsurface
structures. XEOL, utilizing X-rays with larger penetration depths, proved effective in prob-
ing bulk properties, providing a comprehensive understanding of the material’s luminescent

behavior across different volumes.
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APPENDIX B
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I The first papers on the list accounts for the publications as first author. The following are listed in order of
year of publication, from the newest to the earliest one.
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APPENDIX C

SYNCHROTRON TECHNOLOGY

The generation of light through the acceleration of particles is a fascinating in-
terplay of fundamental physics and cutting-edge technology. At the heart of this process
lies the use of particle accelerators, where charged particles, typically electrons, are acceler-
ated to relativistic speeds. As these high-energy electrons traverse curved trajectories within
strong magnetic fields, they emit electromagnetic radiation known as synchrotron radiation.
This phenomenon finds extensive applications in various scientific disciplines, from funda-

mental research in particle physics to advanced imaging techniques in medicine.

C.1 X-ray generation

The generation of electromagnetic radiation through the acceleration of charged particles
constitutes a fundamental aspect of classical electrodynamics. This intricate physical phe-
nomenon is comprehensively described by Maxwell’s equations, which form the founda-
tional framework for understanding the behavior of electric and magnetic fields in the pres-
ence of dynamic charge distributions.

Maxwell’s equations, expressed in their differential form, encapsulate the princi-
ples of electromagnetic field theory. Gauss’s law for electricity (V-E = E—po) establishes the re-
lationship between electric fields and charge distributions, while Gauss’s law for magnetism
(V-B = 0) dictates that magnetic field lines do not have sources or sinks. Faraday’s law of
electromagnetic induction (V x E = —%) reveals how a changing magnetic field induces an
electric field, while Ampere’s law with Maxwell’s addition (V x B = ugJ + to€o %) highlights
the interplay between changing electric fields and the generation of magnetic fields.

In the context of accelerating charged particles, the Larmor formula emerges as
a pivotal expression that quantifies the power radiated (P) by a charged particle undergoing

acceleration: [81]

2 2
a

P= q
67eyC3

This formula elucidates the direct proportionality between the square of the charge
(q) and the square of the acceleration (a), emphasizing the significance of acceleration in the

radiation process. Here, €( represents the vacuum permittivity, and c is the speed of light.
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The Lorentz force equation, F = g(E+vxB), is a cornerstone in describing the mo-
tion of charged particles in electromagnetic fields. This equation delineates how a charged
particle experiences a force (F) due to both electric (E) and magnetic (B) fields, along with its
velocity (v). As the particle accelerates, it undergoes a radiation reaction force (F,q), oppos-
ing its acceleration [153]:

2g°aj+vx(a xv)
3¢3 (1-v-v/c?)?

This radiation reaction force encapsulates the intricate dynamics of charged par-

rad —

ticles experiencing acceleration, leading to the emission of radiation.
The power spectrum (P (w)) for non-relativistic particles provides further insights
into the radiation process. This expression is influenced by the angle (0) between the accel-

eration vector and the direction of observation, as well as the particle’s velocity (f) [153]:

g?a’>  sin?(0)
P(w) = 3 5
Ameyc’ (1 - Bcosh)

Here, the frequency-dependent power of the emitted radiation is clearly delin-
eated, emphasizing the directional and velocity-dependent nature of the emitted radiation.

For relativistic particles, modifications are introduced to the power spectrum to
account for relativistic effects. The Lorentz factor (y) and critical frequency (w.) become
crucial in this context [153] [154]:

g*a® 1

P(w) =

K22,3(€)+i(1_1)2
K746 v*\2 ¢

In this expression, K»/3 and Kj,3 represent modified Bessel functions, and ¢ =

Amegcd w

w/w.. These modifications underscore the relativistic effects on the emitted radiation spec-

trum, which are essential for the description of the synchrotron emission.

C.2 Electron harnessing and accumulation in synchrotron light

sources

Within the domain of particle accelerators, the synchrotron particle accelerator stands as
a quintessential apparatus, orchestrating the intricate manipulation of charged particles to
yield highly collimated and energetic particle beams. In this section, the components of a
synchrotron accelerator are described, encompassing the electron source, the booster ring,
and the storage ring, (Figure C.1) while expounding upon the pivotal role played by magnetic

lenses, the requisite tolerance factors, and key machine parameters.

LINAC (Linear accelerator)
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The electron source and linear accelerator (LINAC) represent the initial stages
in the orchestration of a synchrotron particle accelerator, serving as the foundational com-
ponents responsible for generating and propelling electron beams into subsequent acceler-
ation and storage phases. The electron source, typically a cathode, initiates the process by
emitting electrons under the influence of an applied electric field. This initial electron popu-
lation undergoes extraction, forming an electron beam with defined energy and current. Key
parameters influencing the electron source operation include the cathode material, emis-
sion current, and energy spread of emitted electrons. Achieving a stable, high-quality elec-
tron beam at this stage is pivotal for downstream success in the accelerator complex.

Following extraction, the electron beam enters the LINAC, a linear array of ra-
diofrequency (RF) cavities designed to sequentially accelerate the electrons to relativistic
speeds. The RF cavities apply pulsed electric fields that synchronize with the electron bunch,
imparting energy through each acceleration stage. Operational parameters such as RF fre-
quency, pulse duration, and accelerating gradient are meticulously controlled to optimize
the LINAC'’s performance.

The LINAC parameters significantly impact the final characteristics of the elec-
tron beam injected into subsequent stages. High accelerating gradients and precise con-
trol of RF parameters contribute to minimizing energy spread and emittance, crucial factors
for achieving high-quality beams. The LINAC ensures that the electron beam reaches the
desired energy before entering subsequent circular accelerators, setting the stage for syn-
chrotron radiation production.

BOOSTER RING

The booster ring stands as a crucial component in the intricate symphony of a
synchrotron particle accelerator. Functioning as an intermediate stage between the electron
source and the storage ring, its primary role involves exponentially increasing the kinetic
energy of extracted electrons. This enhancement ensures that, upon injection into the sub-
sequent storage ring, the electron beam attains the requisite relativistic speeds for optimal
synchrotron radiation generation.

Key parameters in the operation of the booster ring include the radiofrequency
voltage (Vgrp) applied to the electrons and the phase offset (¢p). Maintaining synchronicity
between the RF frequency and the revolution frequency of the electrons is crucial for optimal
acceleration. Additionally, considerations such as the beam’s energy spread, emittance, and
dispersion play vital roles in characterizing the booster ring’s performance.

In essence, the booster ring emerges as a transformative stage within the syn-
chrotron particle accelerator, crucial for preparing the electron beam for the subsequent
stages of exploration in the storage ring. Its operational parameters and intricate design
contribute significantly to the overall efficiency and effectiveness of the accelerator archi-
tecture.
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STORAGE RING

The storage ring (Figure C.1) stands as the centerpiece in the path of a synchrotron
particle accelerator, constituting the final stage where high-energy electron beams traverse
circular orbits, generating synchrotron radiation for diverse experimental applications. Its
primary function involves maintaining the accelerated electron beams in a stable, closed
trajectory, fostering prolonged interactions with inserted samples across various beamlines.

Key parameters defining the operation of the storage ring include the magnetic
field strength, RF frequency, and lattice functions, such as beta () and emittance (¢). The
beta function governs the beam’s envelope, influencing its size at various locations along the
ring, while emittance characterizes the spread of particle trajectories, affecting the beam’s
overall quality.

In essence, the storage ring represents the pinnacle of the synchrotron particle
accelerator, where intricate design and precise control converge to facilitate prolonged and
stable electron beam circulation. Its operational parameters, encompassing magnetic optics
and RF systems, play a pivotal role in defining the quality and versatility of synchrotron ra-
diation generated, establishing the storage ring as a cornerstone in the realm of high-energy

particle exploration.

Figure C.1: Layout of Sirius injection system with a 150 MeV Linac (A) and a 3 GeV booster (B) in the same
tunnel as the storage ring (C). Modified from: [4]

MAGNETIC LENS
Central to the functioning of the accelerator are magnetic lenses, which wield

control over the trajectory of charged particles. These lenses, often comprising quadrupole
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and sextupole magnets, manipulate the beam’s focusing and defocusing, ensuring its sta-
bility throughout the accelerator’s components. The intricacies of these magnetic lenses
necessitate stringent adherence to tolerance factors, defining the precision required in the
fabrication and alignment of these components to guarantee optimal beam stability.

Quadrupole magnets serve as pivotal focusing devices, designed to concentrate
electron trajectories in both horizontal and vertical planes. The strength of the magnetic
field within the quadrupole, denoted by the gradient, is a critical parameter influencing the
degree of focusing, with higher gradients leading to stronger focusing effects. Additionally,
the focal length of the quadrupole, determined by the curvature of its magnetic field, plays
a crucial role in shaping the trajectory of electrons. Sextupole magnets, as higher-order
components, further refine the beam optics by addressing nonlinear effects induced by the
quadrupoles. Parameters such as the sextupole strength and the resonance conditions are
carefully tuned to correct chromatic aberrations and optimize beam stability. The intricate
interplay of these magnetic lenses orchestrates the delicate dance of electrons, ensuring pre-
cise control over their trajectories within the accelerator.

Quadrupoles and sextupoles play a dual role in shaping the beam optics and mit-
igating inherent aberrations in the electron trajectories. The quadrupole’s ability to focus
in one plane and defocus in the perpendicular plane allows for the generation of a well-
behaved beam, while sextupoles introduce corrective measures to enhance stability. The
beta functions, representing the envelope of electron trajectories, are key parameters influ-
enced by these magnetic lenses. By carefully adjusting the strengths and configurations of
quadrupoles and sextupoles, researchers can tailor the beam’s characteristics, optimizing
conditions for advanced experiments across various beamlines. The precise manipulation
of these magnetic optics is paramount for achieving high-quality synchrotron radiation and
ensuring the success of diverse scientific investigations within the synchrotron particle ac-
celerator. [155] [154]

C.3 Bending magnets and insertion devices

Synchrotron beamlines derive their exceptional brightness and intensity from accelerated
charged particles, predominantly electrons, circulating within a storage ring. These particles
are subject to powerful magnetic fields generated by specialized magnets, such as undula-
tors and wigglers, strategically positioned along the storage ring. The interaction between
the charged particles and these magnetic fields results in the emission of synchrotron radi-
ation, a high-energy electromagnetic radiation with unique properties ideal for a myriad of
scientific applications, as illustrated in Figure C.2.

The luminosity and intensity characteristics intrinsic to synchrotron beamlines
are inherently rooted in the orchestrated interplay between accelerated charged particles,

primarily electrons, circulating within a designated storage ring. This symbiotic relation-
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ship unfolds in the presence of specialized magnets strategically positioned along the stor-
age ring, specifically undulators and wigglers.C.2 The ensuing interaction between these
charged particles and the induced magnetic fields precipitates the emission of synchrotron
radiation—an electromagnetic radiation of heightened energy and distinctive properties that
render it eminently conducive to an array of scientific applications.

1. Bending Magnets: Inherent to the operational dynamics of synchrotron stor-
age rings, bending magnets constitute an indispensable element tasked with sustaining the
curved trajectory of charged particles. As electrons traverse these bending magnets, their
trajectory undergoes curvature, eliciting the emission of synchrotron radiation tangentially
to their course. Although bending magnets proffer a brilliance quotient comparably lower
than that of undulators and wigglers, their role remains pivotal in the overall functionality of
the beamline.

2. Wigglers: Paralleling undulators in function, wigglers also encompass arrays
of magnets designed to induce transverse oscillations in the trajectory of charged particles.
While analogous in their capacity to engender synchrotron radiation, wigglers distinguish
themselves by generating spectra of broader bandwidth and heightened radiation intensity.
This characteristic renders wigglers particularly efficacious in applications necessitating a
heightened photon flux.

3. Undulators: Foremost among the sources of synchrotron radiation in con-
temporary beamlines are undulators. These intricate devices are characterized by arrays of
magnets arranged in a periodic fashion, compelling electrons into a trajectory of oscillatory
motion. The resultant alternating magnetic fields furnish the impetus for the emission of co-
herent and notably intense synchrotron radiation. Of particular significance is the tunability
inherent in undulators, affording the generation of radiation across a broad and adjustable
spectral range within a narrow band. This attribute renders undulators highly versatile for a

multitude of experimental methodologies.

The adoption of a specific source type within a synchrotron beamline is con-
tingent upon the particularized requisites governing the characteristics of the synchrotron
beam, encompassing considerations of wavelength, flux, and coherence. Undulators and
wigglers, with their tunable attributes and elevated brilliance, emerge as preferred choices
amenable to a diverse spectrum of experimental endeavors. Conversely, bending magnets,
while proffering a more continuous spectrum, play an integral role in the overarching oper-
ational paradigm of the synchrotron beamline. This discerning integration of diverse source
typologies within the beamline framework underscores the capacity of researchers to tailor
the emitted synchrotron radiation to align precisely with the exigencies inherent in a spec-

trum of scientific investigations across varied disciplines.
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Bending magnet

Undulator

Figure C.2: Bending magnets and insertion devices. The magnets arrange are represented in blue and red
for different poles. Orange lines are representative of the electrons path and the pink sinusoidal lines are the
photons irradiated from the accelerated particles. The light purple profiles on the right represent the spatial
distribution of the intensity generated in each kind of source.
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C.4 Coherence

Coherence is the estimation of the capacity of two waves to undergo interference. During
the process of interference, two waves sum themselves up, resulting in a wave with an am-
plitude greater than that of either individual wave (constructive interference). Alternatively,
they may counteract each other, producing minima that could even reach zero (destructive
interference), contingent upon their relative phase. It is essential to recognize that construc-
tive and destructive interference represents extreme scenarios, and in all cases, two waves
undergo interference, with the outcome potentially intricate or unremarkable.

Waves exhibiting a constant relative phase are named coherent. The quantifica-
tion of coherence is often accomplished through interference visibility, which assesses the
size of interference fringes concerning the input waves as the phase offset undergoes varia-
tion. And it is formally expressed by [156]:

(E*(r1, )E(r2, 1)
[T ()12

Y(’?l)r_fZ) =

That is the normalization for the mutual optical intensity of the fields (E) nor-
malized by the square root of the product of its intensities (/), which measures the corre-
lation between two points in space and time within the system’s function. Consider two
monochromatic waves with the same wavelength and a constant phase difference arriving
at a detection plane. The resulting wave and measured intensity are functions of their phase

relationship, indicating the degree of coherence.

C.5 Coherence Lengths

e Temporal Coherence (Longitudinal): Temporal coherence gauges the correlation of
the beam’s radiation along its propagation. The coherence length, represented by ¢;, is
the minimum distance for two wavefronts to transition from constructive to destruc-

tive interference. It is inversely proportional to energy resolution.

/12

YY)

This implies that a highly coherent beam demands a high energy resolution.

* Spatial Coherence (Transverse): Spatial coherence measures correlation in the trans-
verse directions to the beam’s propagation. The coherence length, ¢/, is the minimum
distance for destructive interference between wavefronts emitted by different points

in a finite-sized source.
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The degree of coherence depends on the source size and the distance from the source,
with a decrease in source size being a common solution for achieving highly coherent

sources.

These coherence lengths (Figure C.3) play a crucial role in experimental setups,
determining the quality of interference and influencing factors such as energy resolution,
source size, and distance from the source. Achieving and maintaining high coherence often
involves sophisticated instrumentation and precision optics. The main variables to define
the coherence lengths are A, the walength of the light, and AA, the energy resolution of the
beam, and w, the size of its source. R is the distance between the source and the plane in

which the coherence length is being calculated.

Longitudinal coherence length Transversal coherence length

o » —— Energy of interest

/\ o Effect of the bandwidth of the

temporal coherence filter w St

R
St

Figure C.3: lllustration of the definition of the longitudinal and transversal coherence lengths.

C.6 Synchrotron beamlines

Optical components within the beamline structure play an instrumental role in shaping and
refining the synchrotron beam. Mirrors and monochromators, strategically positioned along
the beamline, serve to focus, collimate, and select specific wavelengths or energy ranges,
thereby affording researchers precise control over experimental parameters. [157] [158] [159]
[160]

Experimental stations, situated at the terminus of the beamline, emerge as the
crucible for scientific inquiry. Equipped with an array of specialized instruments and detec-
tors, these stations cater to diverse experimental techniques, encompassing X-ray diffrac-
tion, X-ray absorption spectroscopy, X-ray fluorescence, and beyond. These stations repre-
sent the nexus where theoretical concepts materialize into empirical exploration, facilitating
a broad spectrum of analyses and investigations across scientific disciplines.

A critical facet of beamline operation lies in the real-time monitoring and con-

trol of the X-ray beam position. X-ray Beam Position Monitors (XBPM) provide invaluable
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feedback, ensuring meticulous alignment and positioning with micrometer-level precision.
[59] [62] This granular control over beam positioning is indispensable for achieving optimal
experimental conditions and enhancing the reliability of scientific observations. [3]

The integration of a Kirkpatrick-Baez (KB) mirror system further refines the X-
ray beam, facilitating high spatial resolution at the sample position. Monochromators [61],
integral to beamline functionality, afford the selection of monochromatic X-rays, pivotal for
experiments necessitating specific energy ranges. This judicious combination of mirror sys-
tems and monochromators embodies a meticulous design strategy aimed at tailoring the
synchrotron beam to the precise requirements of diverse scientific investigations. [161] [162]

Sample environments within the beamline infrastructure accommodate the im-
position of controlled conditions, such as temperature, pressure, and gas environments.
This feature enables researchers to engage in in situ and operando studies, broadening the
scope of scientific investigation. The adaptability of sample environments underscores the
beamline’s versatility, allowing for the exploration of diverse materials and phenomena un-
der conditions that simulate real-world scenarios. [14] [3] [163] [73]

Detectors, ranging from CCD cameras to energy-dispersive detectors, serve as
vigilant recorders of signals emanating from X-ray interactions with samples. These detec-
tors form an integral component in the data acquisition process, capturing nuanced infor-
mation for subsequent analysis. Their sensitivity and precision contribute to the fidelity of
experimental results, playing a pivotal role in the generation of high-quality datasets for sci-
entific interpretation. [164] [165] [166]

The overarching control systems govern the orchestration of beamline compo-
nents, allowing for dynamic optimization of experimental parameters, seamless transitions
between techniques, and the collection of high-fidelity data. [3] [161] [167] [59] Concurrently,
sophisticated data analysis and visualization tools empower researchers to distill meaning-
ful insights from the wealth of information garnered during experiments. This collaborative
interplay between automated control systems and advanced data processing tools enhances

the efficiency and efficacy of scientific investigations conducted at synchrotron beamlines.
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FLUORESCENCE ENERGIES AND LIMITS OF IN-

TEGRATION
Fluorescence emission lines
AN. | Element | Edge (eV) Emission (eV) Excitation (eV) | Initial (eV) | Final (eV)
82 Pb 2484 (M5) | 2345 7000 2100 2500
53 I 4557 (L3) 3937 3926 4220 10000 3850 4100
55 Cs 5012 (L3) | 4286 | 4272 | 4620 10000 4500 4800
82 Pb 13035 (L3) | 10551 | 10450 | 12613 14000 10200 10800
35 Br 13474 (L3) | 11924 | 11877 | 13291 14000 11800 12200

Table D.1: Fluorescence emission lines and initial and final values for energy ROIs integration.
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LATTICE PARAMETER CALCULATION AND RE-

CIPROCAL SPACE MODELLING

Calibration

Formally, we should acquire both the direct beam and a standard diffraction data.
In practice we are not acquiring the standards, however THE DIRECT BEAM AT THE DETECTOR IN

TRANSMISSION (26 = 0°) IS MANDATORY!!

Direct beam position at the detector is a reference
for the detector angular displacements with respect
to the pixel position of the physical 26 = 0°.

After its acquisition, the ‘PiMega sample position’ value must not be
altered.

THIS IMAGE IS NOT GEOMETRICALLY CORRECTED! HOWEVER,
THIS PROCEDURE MUST BE DONE AT THE GEOMETRICALLY
CORRECTED DATA!

Data from CAMARDA

Modeling

ujeaq]:)au(]

PERSPECTIVE
VIEW

7
20 = arctan—————
VaZ +y? 422
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Methodology - Modeling

We map the position of each pixel of the geometrically corrected pixel in the detector in the real and

reciprocal pace

Detector acquisition

Geometrica
1
constraints

20 (real) space

Mask
based
ona
20
interval

20 (real) space

d (reciprocal-real)
space A

Data analysis - Diffractogram

26 mask —

RN
! L L LN
EEEEE
‘EEEEE |
EEEEE]

Data — detector image ®

Masked data for
integration

E 2 58 8 &

This ring centered at
the position 268 with angular

width corresponds to 1 point
at the diffractogram.
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Data analysis - Diffractogram

Integration is performed

ring by ring according to .
the desired finesse of the -
diffractogram

1‘-_‘3“__

Intensity is summed up withing the selected f

ring and normalized by the number of pixels in the ring e

Intensity (a.u )

The smallest finesse (&) theoretically is defined by the pixel size (55 um) and

the detector distance (1.1 m),§ = “jilf' = 50 urad = 0.003°, As this is a limit e
. - . = 2 20 (deg)
value, we avoid it to not create divergences in the code.

A typical good value for § is § = 0.008° (2 to 3 pixels for the ring width).

Data analysis — Intensity map

The total intensity in the detector is calculated and the value is then reshaped for a map with the correspondent size and coordinates of
each point corresponding to a pixel, whose value is the total intensity

|\+1

The same procedure can be done with a ROI at the detector! It is interesting when more than one family of reflections or different phases
scatter at the same angular range captured by the detector!
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Data analysis — Lattice parameter map

The center of mass (x,y) of the i-th speckle is calculated in the geometrically corrected data. This position is univocally associated with a
26 position at the space which is associated with a q and d at the reciprocal space fraction calculated for the detector area. With this we
have a list of the average lattice parameter of each point at the flyscan, that is reshaped into the lattice parameter map.

10
Detector
image
h

Lattice parameter - Original data

34

3
30
29
248 (real)
space 28
27
s —sm
q d,
d
(reciprocal- di
real) space di i
dy dy

Data visualization — Lattice parameter map

For a better visualization of the lattice parameter map we can input an intensity threshold mask selecting only the most intense positions
to be presented. This strategy facilitates the gradient contrast at the selected region and guarantees that only statistically relevant data is

plotted.
= inensity - Original data . Lattice parameter - Original data Masked lattice parameter map i
10
1w i
™ w50 ¢ .
g " 5 "y
w0
-
s
-
° T 3 T — - 4 N
Lattice parameter map dd
i Lattice PRIATAtaGIAR). B
T . . . . . 305
Other possibility being tested is the simultaneous information 8

plot where we plot the intensity of the diffraction as the intensity
of the color and the color as the colorbar. This strategy
guarantees that all the data is plotted but the statistically relevant
information is favored by the plotting method. The disadvantage
of this method is that some information that is still relevant but 2
with a much lesser intensity gets not clearly visible.
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Data analysis — Strain map

The last plotting method is the ‘strain map’ (or the relative variation of lattice parameter). For the calculation of the strain, we use the well-
known formula:
d

—d
e=—REF  100%
dREF

This value is calculated with respect a reference d-value, dger, which can be manually calculated, from a Rietveld refinement, for example
or locally calculated from the average/medium lattice parameter of the scan.

Masked lattice parameter map a ‘3‘;6 Masked strain map Strainto 3.03 A (%)
b0 0
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i 305 i beo
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6 T o 3 E "
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: TN .
-0.75
(] 300 0 -100
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Data from CAMARDA
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APPENDIX F

RECIPROCAL SPACE MODEL CODE

Listing E1: Reciprocal space mapping

>3

Inputs:

Data: Stacking of the area detector acquisition in the first

axis

energy:

Energy value in keV

dThU: Nominal position of the detector in 2Theta

PhiU: Nominal position of the detector in the azimuthal angle

X, y: Pixel coordinates of the direct beam at the Odeg

position

distanc

pixel_s

Returns:

def

dTh2d (dTh, energy=None, wl

dThN: 2

e_det: detector distance in meters

ize: pixel size of the detector in meters

Theta space covered by the detector

Phi: Azimuthal angle space covered by the detector

q_map:
d_map:

q space covered by the detector

d space covered by the detector

None) :

return(q2d (dTh2q (dTh, energy, wl)));

def dTh2q(dTh, energy=9.75, wl = None):
if wl == None:
wl = 12.398425/energy;

<
1]

np.array([distance_det * np.sin(np.deg2rad(dThU)) x*

np.cos(np.deg2rad (PhiU)), distance_det x*
np.sin(np.deg2rad (PhiU)), distance_det *
np.cos (np.deg2rad (dThU)) * np.cos(np.deg2rad (PhiU))]1);

map_k = np.zeros((Data.shape[1], Data.shapel[2], 3), dtype
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= float);

dThN = np.zeros((Data.shape[1], Data.shape[2]), dtype
float) ;

PhiN = np.zeros ((Data.shape[1], Data.shape[2]), dtype
float) ;

for i in range(map_k.shape[0]):
for j in range(map_k.shape[1]):
map_k[i,j,0] = v[0] + (x-j) * pixel_size x
np.cos(np.deg2rad (dThU));
map_k[i,j,1] = v[1] - (y-i) * pixel_size;
map_k[i,j,2] = v[2] - (x-j) * pixel_size x*
np.sin(np.deg2rad (dThU)) ;
dThN[i,j] = np.rad2deg(np.arccos((map_k[i,j,2])/
np.sqrt ((map_k[i,j,0])**2 + (map_k[i,j,1])=**2 +
(map_k[i,j,2])**2)));
PhiN[i,j] = np.rad2deg(np.arctan(-(map_k[i,j,1]1)/
(map_k[i,j,0]1)));

dTh2q (dThN, energy=energy) ;
dTh2d (dThN, energy=energy) ;

q_map
d_map




20

21

22

23

24

26

27

28

141

APPENDIX G

DOSE CALCULATION

Listing G.1: Dose calculation

from xraydb import material_mu
from xraydb import atomic_mass

import numpy as np

e input ----------------------
# Perovskite composition

Cs = 0.4

FA = 0.6

MA = 0.0

Pb =1

Br = 1.14

I = 1.86

cubic_latt_par = 6.22 # In angustron

#I0 = 2.21e23 #photons/s

I0 = 5.35e9 #photons/s

np.array ([135, 410, 150, 610, 172, 60]) # s
(50e-6*x50e-6) #m

#A = 500e-9%200e-9

E = 10000 # Energy eV

=t
Il Il

formula_1 = "Cs" + str(Cs) + "FA" + str(FA) + "MA" + str(MA) +
"Pb" + str(Pb) + "I" + str(I) + "Br" + str(Br)

print ("The_perovskite, formula, is: ", formula_1)

mass_sum_FA = atomic_mass("C")+ 5*atomic_mass ("H")+
2*atomic_mass ("N")
mass_sum_MA = atomic_mass("C")+ 6xatomic_mass("H")+

atomic_mass ("N")
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mass_sum = (Cs*atomic_mass("Cs")) + (FA*mass_sum_FA) +
(MA*mass_sum_MA)+ (Pb*xatomic_mass("Pb")) + (Ix*xatomic_mass("I"))
+ (Br*atomic_mass("I"))

cell_vol = (cubic_latt_parx*1le-10)**3 #meters

density = (mass_sum/(cell_vol*6.02214e23))/1e6

round (FA+MA, 2)
round ((2*FA)+MA, 2)
round ((5%xFA) +(6xMA), 2)

formula = "Cs" + str(Cs) + "C" + str(C) + "N" + str(N) + "H" +
str(H) + "Pb" + str(Pb) + "I" + str(I) + "Br" + str(Br)

print ("The elemental perovskite formulayis:_ ", formula)
print ("Densityyis", round(density,2) , "g/cm3")
mu = material_mu(formula , energy = E, density = density)

print (mu)

#D = (((IO*t)/A)*(mu/density)*Ex*1.6021e-19)/10 #Wihtout unit
convertion

D = ((I0O*t)/A)*((mux*xle2)/(density*1e3))*E*1.6021e-19 # convert
cm-1 to m-1 and g/cm3 to Kg/m3

F = ((I0*t)/A)*(muxle2)/(density*1e3)

print (F)

for n in range(len(D)):

print ("Dose,=,", ’{:.2e}’.format(D[n]), "Gy")
print ("Flux,=4,", ’{:.2e}’.format(F[n]), "Gy")
d = 400

print ("Mass", (density*1e3)*A*x(d*x1le-9))
print (’Volume’, A*x(d*x1le-9))

print (mass_sum)
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NANODIFFRACTION PEAKS
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Figure H.1: Collection of the diffraction peaks for the nanodiffraction maps
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RESOLUTION CRITERIA

In Fourier Ring Correlation (FRC) analysis, the 1/2-bit criterion and the 1-bit cri-
terion are methods for determining the resolution limit of a reconstructed image or map.
These criteria are defined based on the point at which the FRC curve drops to a certain
threshold value, and they are commonly used to objectively quantify the spatial resolution.

Here’s an explanation of each:

e 1/2-Bit Criterion: - The 1/2-bit criterion refers to the point on the FRC curve where
the correlation drops to 0.5 or 50% of its maximum value. This criterion indicates a
resolution where the two independent datasets used in the analysis are considered to

be resolved from each other.

e 1-Bit Criterion: - The 1-bit criterion is more stringent than the 1/2-bit criterion. It
refers to the point on the FRC curve where the correlation drops to 1/v/2 or approxi-
mately 0.707. This criterion is chosen because it corresponds to the point at which two

independent datasets are just statistically distinguishable from each other.

Comparison:

The 1/2-bit criterion tends to be less conservative than the 1-bit criterion. It rep-
resents a resolution limit where the two datasets are partially distinguishable, while the 1-bit
criterion is a stricter threshold indicating a higher level of confidence in the resolution.

Choosing between the two criteria may depend on the specific requirements of
the study and the desired level of stringency in defining resolution. In practice, the 1-bit
criterion is often considered a more robust measure of resolution, especially in cases where
high confidence in the separation of features is crucial.

Both criteria provide a standardized way to communicate the resolution of re-
constructed images, enabling researchers to compare results and assess the quality of their

structural data.
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APPENDIX J

STATISTICAL APPROACH FOR LUMINESCENCE
MAPS ANALYSIS

XEOL and cathodeluminescence maps performed at the samples were studied
with statistical approachs in order to spatially separate the components of the luminescence
excited by both x-rays and electrons. For that is was used the the CORAL library [168] that
plays a pivotal role in employing techniques like Multivariate Curve Resolution with Alter-
nating Least Squares (MCR-ALS) [169] and Principal Component Analysis (PCA) [170]. These
techniques prove instrumental in separating components within XEOL and CL spectra ac-
quired in step scan mode, providing insights into the complex interplay of luminescent fea-
tures and their correlations with varying experimental conditions and spatial distribution.
CORAL library, through its robust tools, contributes to unraveling the complexity of spectral
data, offering a deeper understanding of materials response under investigation.

Figure J.1 summarizes the results of the minimization for the XEOL maps pre-
sented in Figure 5.6 from Chapter 5. For the results the worst decomposition with 2 com-
ponents reach the figures of merit of Fitting error in % at optimum: 15.50 [PCA] and 21.45
[EXP], with variance explained (R?) at optimum of 95.40. The choice of 2 components was
led by the clear wrinkle-to-valley transition in the luminescence response of the material.
Attempts with 3, 4 and 5 components were performed, but their results were not satisfactory
(over-fitted). The 2 simmetric components separation separated all 4 sample in two main
regions, perfectly correlated to the winkle morphology: one component more intense with
redshifted emission surrounded by a less intense more energetic component. An exception
rises for 40:38 which presents an asymmetry in both components a assimetry due to a sec-
ond gaussian in higher energy (center at 1.82 eV for Comp0 and Compl). The attempts to
separate this third gaussian as a third component were not successful.

The separation of the spectra in two components strongly correlated to the dif-
ferent regions of the morphology corroborates the conclusion that morphology dominates
the main variations in the optical-electronic response of the materials. The interpretation of
the result components are, as expected, the consequence of the halide proportions variation
from one to other region of the morphology of the material, in which the lesser quantity of

the material in the valley regions with a higher proportion of Br with respect to Pb causes a
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blueshifted emission with lesser intensity. And the opposite for the regions with accumula-
tion of matter, which is stoichiometrically poorer in Br.

No normalization were performed in the data before the MCR-ALS treatment.
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Figure J.1: MCR-ALS and PCA approach for XEOL components in XEOL maps for samples (a) 10:38, (b) 20:38,
(c) 30:38 and (d) 40:38.

Similar observations follow for the cathodoluminescence set of data. The results
from the minimization for the CL maps presented in Figure A.8 from Chapter A are shown in
Figure J.2. For the results the worst decomposition with 2 components reach the figures of
merit of Fitting error in % at optimum: 17.20 [PCA] and 24.15 [EXP], with variance explained
(R?) at optimum of 91.00.

For CL maps, the decomposition in two components also presented the best fig-

ures of merit, and led to similar conclusions to the XEOL data. Spatially the components
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are strongly correlated to the wrinkled morphology. The result components in this case are
presented normalized, however, their intensities still follow the same tendency of the ones
showed previously for the XEOL. The positions for the components in XEOL and CL mini-

mizations are in agreement.
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Figure J.2: MCR-ALS and PCA approach for CL components in CL maps for samples (a) 10:38, (b) 20:38, (c)
30:38 and (d) 40:38.

Investigation about the influence of different procedures for data normalization
are still to be investigated.

For both XEOL and CL maps, the decomposition into two components yields the
best results, showcasing strong correlations with the wrinkled morphology. The normalized
results for CL maps follow similar tendencies observed in XEOL, indicating consistency in
luminescent behavior between the two techniques. The spatial correlation of components
with morphology reaffirms that variations in luminescence are intricately linked to the struc-
tural features of the material.

In conclusion, the integration of statistical approaches, facilitated by the CORAL
library, coupled with MCR-ALS and PCA techniques, offers a systematic and robust means
to explore and interpret the spatial distribution of luminescent components in Cs-rich per-
ovskites, shedding light on the complex interplay between material morphology and optical-

electronic response.
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