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Abstract 

Over a prolonged period, the energy problem has been a focal point of global concern. 

The direct application of solar energy is regarded as one of the most promising solutions 

to alleviate or resolve this issue. The development of FAPbI3 has substantially advanced 

the field of photovoltaics, largely due to its exceptional electronic properties and an 

optimal bandgap of approximately 1.48 eV. However, this material has perpetually 

faced numerous challenges, among which the issue of stability remains a significant 

concern for scientists. This problem has attracted considerable attention, leading to 

extensive efforts in both mechanistic studies and engineering improvements. In the 

fabrication of FAPbI3 devices, annealing induces the transformation of FAPbI3 from the 

non-photoactive δ phase to the photoactive α phase. The advancement of FAPbI3 

devices is intrinsically linked to a profound understanding of this phase transition 

process, therefore, intuitive observation of this phase transition is essential. Particularly, 

4D STEM (scanning transmission electron microscopy) is invaluable for capturing the 

orientation relationship at the phase boundary and the formation of defects during the 

phase transition. 

In this thesis, in-situ optical microscopy and ex-situ 4D STEM techniques are employed 

to explore the dynamic phase transition process, the preferred orientation during the 
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phase transition, and the formation of defects resulting from the phase transition in 

FAPbI3 from the δ to α phase. Building upon the understanding gained from the 

characterizations, the preferred orientation of the α phase resulting from the phase 

transition was ultimately determined and verified by X-ray diffraction.  

Initially, millimeter-sized highly oriented single crystal δ phase thin films with precisely 

defined [101̅0] δ surface orientations were synthesized using an innovative space 

confined anti-solvent method. In situ annealing polarized optical microscopy was 

conducted at various temperatures to determine the activation energy of the δ to α phase 

transition in two dimensions. Furthermore, the preferred phase transition orientation 

<0002>δ over <2 11̅̅̅̅ 0 >δ directions is examined. Subsequent ex-situ 4D-STEM 

characterization of the transferred thin films elucidated a specific phase transition 

relationship: <10 1̅ 0>δ//<001>α, {1 2̅ 10}δ//{210}α, and {0002}δ//{120}α. Boundary 

analysis revealed a preferred {210}α interphase boundary, the non-coherent interphase 

boundary reveals the reconstructive behavior of this phase transition, further evidenced 

by the observed ledge growth mode. Furthermore, analysis of the regions near the 

transition front, the degree of amorphousness and the defect density progressively 

increases. Hence, this study proposed a systematic approach to investigate the 

underlying mechanisms of the δ to α phase transition in FAPbI3, examining the 

anisotropy inherent in this transition. This work advances the understanding of the 
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phase transition, providing insights into the anisotropic nature of the transformation. 

Additionally, the study elucidates the prevalent [001]α orientation commonly observed 

in FAPbI3. 

This thesis also scrutinizes the degradation of FAPbI3 under moist conditions, focusing 

not only on the δ to α phase transition in perovskite but also utilizing X-ray diffraction 

(XRD) and transmission electron microscopy (TEM) with selected area electron 

diffraction (SAED) to investigate the degradation phenomenon. In this experimental 

section, the active layer, consistent with device fabrication, was prepared as a free-

standing sample. The XRD analysis revealed a distinct peak at 2𝜃 = 11.78°, while 

SAED confirmed this peak to be confined 101̅0 δ peak. Subsequent degradation 

experiments under ultraviolet and high humidity conditions demonstrated an initial 

strengthening followed by decay of the confined 101̅0δ peak. This observation suggests 

that the degradation of FAPbI3 samples maybe initiated by such defects. 

These findings shed light on the phase transition from δ to α and both degradation 

mechanisms of FAPbI3, highlighting the utility of XRD and TEM techniques in 

comprehending the underlying phase transition mechanism. This understanding fills a 

critical gap which significantly aids in further modifications of this material. 
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Chapter 1 Introduction 

1.1 Background 

As the world progresses, the increasing demand for the energy is primarily driven by 

factors such as population growth, urbanization, and industrialization. According to the 

latest data from the International Energy Agency (IEA), global energy consumption is 

on a trajectory to grow significantly over the next few decades.1 Fossil fuels like coal, 

oil, and natural gas still make up a substantial portion of global energy use, accounting 

for about 82% of the total primary energy consumption in 2023.2  

The combustion of these fossil fuels releases significant amounts of greenhouse gases, 

notably carbon dioxide, contributing to global warming and climate change. In response, 

there’s a marked global pivot towards renewable energy sources to tackle these 

environmental and sustainability challenges. Solar energy, in particular, plays a crucial 

role due to its vast potential and availability. Its’s estimated that the sun delivers around 

173000 terawatts of solar energy continuously to Earth, vastly outstripping global 

energy needs.3  

As of 2024, solar power contributes approximately 4.5% to global electricity generation, 
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with an installed capacity of around 1600 gigawatts (GW).4 Projections indicate that by 

2050, solar capacity could reach between 8000 to 10000 GW, significantly impacting 

global energy production and potentially providing up to 25% of the world’s electricity, 

this increase reflects a compound annual growth rate of about 9%.5 This growth in solar 

capacity is facilitated by photovoltaic systems and solar thermal technologies, which 

provide a substantial portion of our energy needs without depleting resources or causing 

environmental harm. 

Notably, the production of solar energy does not generate air pollution or carbon 

emissions, positioning it as a clean and sustainable alternative to fossil fuels. The 

adoption of solar energy helped avoid approximately 2.3 gigatons of carbon dioxide 

emissions in 2023 alone.6 Furthermore, technological advancements have significantly 

enhanced the efficiency and reduced the cost of solar panels, with the cost of electricity 

from utility-scale solar PV decreasing by about 85% between 2010 and 2020, this 

reduction in costs was driven by improvements in technology, economies of scale, 

competitive supply chains, and increased developer experience, the cost decreased from 

around USD 0.381 per kWh in 2010 to USD 0.057 per kWh in 2020.7 The shift towards 

renewable energy, especially solar, is crucial for reducing our carbon footprint and 

achieving a sustainable energy future.  

In recent decades, solar cell technology has seen remarkable advancements, as depicted 
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in Figure 1.1, which records the best research-cell efficiencies from 1975 to 2023. 

Among which traditional silicon-based solar cells have been the cornerstone of the PV 

industry due to their balance of efficiency, cost, and stability. Over the years, both 

single-crystal and multi-crystalline silicon cells have achieved notable efficiency 

improvements. As of the latest data, single-crystal silicon cells have reached 

efficiencies approaching 27%.8 Besides that, multi-junction cells represent a significant 

leap in solar technology, primarily used in concentrated photovoltaics and space 

applications. These cells leverage multiple layers, each designed to absorb a different 

portion of the solar spectrum, thus achieving higher efficiencies. Apart from traditional 

silicon cells, single-junction cells based on other materials such as cadmium telluride 

(CdTe), copper indium gallium selenide (CIGS), and emerging perovskite materials 

have also made significant strides.  

Perovskite solar cells, in particular, have shown extraordinary advancements in 

efficiency over the past decade. Since their inception, the power conversion efficiency 

(PCE) of PSCs has increased dramatically from about 3.8% in 2009 to over 25% in 

recent years.9 10 This rapid progression is unparallel in the history of solar technology 

and highlights the significant potential of perovskite materials in the photovoltaic sector.  

Perovskite solar cells have gathered significant attention due to their high efficiency, 

low cost, and versatility. The term “perovskite” refers to a specific crystal structure that 
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many materials can adopt, with the general formula ABX3.   

Figure 1.1 Schematic of historical progression of photovoltaic cell efficiencies 

across various technologies from 1975 to 2023. Adapted from NREL.11   

In the context of solar cells, the most commonly used perovskite material is a hybrid 

organic- inorganic compound. The ‘A’ site is typically occupied by an organic cation 

such as methylammonium (CH3NH3+) or formamidinium (HC(NH2)2+), the ‘B’ site 

by a metal cation such as lead (Pb2+), and the ‘X’ site by a halide anion such as iodide 

(I-), bromide (Br-), or chloride (Cl-). Typical chemical reaction 𝐶𝐻3𝑁𝐻3𝐼 + 𝑃𝑏𝐼2 →

𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 and 𝐻𝐶(𝑁𝐻2)2𝐼 + 𝑃𝑏𝐼2 → 𝐻𝐶(𝑁𝐻2)2𝑃𝑏𝐼3 illustrate the formation of 

methylammonium lead iodide (MAPbI3) and formamidinium lead iodide (FAPbI3), 

which are common perovskite materials used in perovskite solar cells.9 12 All the 

precursors involved in these reactions can be readily dissolved in common solvents 
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such as dimethylformamide (DMF) or dimethyl sulfoxide (DMSO). This solubility 

facilitates the solution-processing techniques, and these precursors are abundant and 

relatively inexpensive, making the overall cost of perovskite solar cell production lower 

compared to other photovoltaic techniques. 

The perovskite crystal structure is characterized by its cubic lattice, where the metal 

cation (B) is surrounded by six halide anions (X) forming an octahedron as depicted in 

Figure 1.2. The organic cation (A) occupies the spaces between these octahedra. This 

structure can be visualized as a three-dimensional network of corner-sharing octahedra. 

Due to the differences in atomic radii, the crystal structure of perovskite undergoes 

changes, consequently, scientists has been widely using tolerance factor to guide the 

design of hybrid perovskite structures or components since the introduction of the 

concept by Goldschmidt in 1926 to describe crystal structure stability.13, 14 15 The 

tolerance factor equation is expressed as 𝑡 =
𝑟(𝐴)+𝑟(𝑋)

√2(𝑟(𝐵)+𝑟(𝑋))
 , where 𝑟(𝐴), 𝑟(𝐵)  and 

𝑟(𝑋) represent the atomic radius of A cation, B cation and X anion, respectively.16 It is 

worth noting that 𝑟(𝐴) + 𝑟(𝑋) represents the bond length of AX while 𝑟(𝐵) + 𝑟(𝑋) 

represents the bond length of BX. The tolerance factor provides a geometric perspective 

on the perovskite structure; ideally, when the t=1, the cubic crystal structure, with a=b=c, 

𝛼 = 𝛽 = 𝛾 = 90° can be tightly formed. Empirically, perovskite materials with t value 

between 0.8 to 1 can crystallize into the perovskite structure.17 Taking into account the 



 

6 

atomic radii of 𝑃𝑏+ (1.03 Å ), 𝐼− (2.20 Å ),18 the influence of A site cation 

electronegativity on lead and iodide radii is neglected. The atomic radius of 𝐴+  is 

found to be approximately 2.37Å  to achieve a tolerance factor of 1. However, the 

largest naturally alkali cation, Cs+ (1.81 Å ),19 is relatively small to form a stable 

perovskite structure. Therefore, organic cations with larger radii, such as MA+ (2.17Å) 

and FA+ (2.53Å),17  have been favored by scientists. Especially FAPbI3, which has a 

more suitable bandgap (~1.48 eV) 12, 20 compared to MAPbI3 (~1.55 eV),12 the narrower 

bandgap of FAPbI3 allows for better absorption of the solar spectrum, particularly in 

the read and near-infrared regions, leading to improved overall device performance. 

Figure 1.2 Schematic illustration of crystal structure of perovskite material. 

In the case of FAPbI3, a tolerance factor of 1.036 18 for FAPbI3 suggests that longer FA-

I bonds can provide more space for Pb movement. This situation is comparable to the 

study of inorganic oxide perovskite with t>1, such as BaTiO3 and PbTiO3,
21 where a 
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ferroelectric distortion, even in a hexagonal phase, can be produced. The finding 

regarding FAPbI3 solar cells is in line with previous research indicating that FAPbI3 

exhibits two phases at ambient temperature: δ-FAPbI3 (a non-photoactive yellow phase) 

and α-FAPbI3 (a black photoactive phase).22-24 It is worth noting that during the 

preparation of FAPbI3 solar cells, annealing is a crucial step after spin-coating the 

precursor to induce the transition from the δ phase to the α phase. It has been reported 

that annealing at 150℃  can effectively overcome the phase transition barrier for 

additive-free FAPbI3 in principle;25 A plethora of crystal twins or planar defects oriented 

along the <111>α direction have been revealed by selected area diffraction (SAED) 

analysis of polycrystalline FAPbI3,
26, 27 and it has been established that these defects 

have an adverse impact on the performance of solar cells.  

Previous research on the phase transition of metal zirconium has shown that the 

transition from body center cubic (bcc) to hexagonal close pack (hcp) passes through 

an intermediate face center cubic (fcc) phase. The transformation from fcc to hcp in a 

pure shearing mode can explain the specific crystallographic orientation relationship 

between the original bcc phase and the newly formed fcc phase.28 Unfortunately, this 

crystallographic orientation relationship between the pristine and newly formed phase 

in FAPbI3 has not been experimentally revealed. Hence, the incomplete understanding 

of phase transition mechanisms, along with the uncertainties surrounding the origins of 
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defect formation, remains a gentle hindrance to the further advancement of this versatile 

material. Understanding of the phase transition of FAPbI3 remains critically incomplete, 

presenting a substantial barrier to advancements in the field. And the complexity of 

these phase transitions necessitates sophisticated experimental methodologies and 

robust theoretical frameworks to reveal the intricate dynamics involved. Achieving a 

thorough comprehension of these transitions is of paramount importance, as it holds the 

potential to significantly elucidate the mechanisms underlying defect formation during 

the fabrication of FAPbI3 based devices.  

The characterization methods for perovskite thin films primarily include X-ray 

diffraction (XRD) to analyze the crystal structure, scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM) to reveal their surface morphology and 

microstructure, atomic force microscopy (AFM) to measure surface roughness and 

topography, UV-visible absorption spectroscopy (UV-Vis) and photoluminescence 

spectroscopy (PL) to study their optical properties, as well as electrical characterization 

methods such as conductivity measurements and hall effect measurement. Figure 1.3 

comprehensively illustrates a range of advanced in-situ analytical techniques employed 

for the study of perovskite materials, these methodologies encompass the structural 

characterization of perovskite active layers during the spin-coating process using 

synchrotron XRD,29 in-situ heating experiments observed via SEM coupled with 
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cathodoluminescence (CL),30 and PL testing 31 to evaluate the evolution of structural 

changes. Each technique provides critical insights into the dynamic process and 

structural evolution of perovskite films, facilitating a deeper understanding of the 

material properties and performance.  

Figure 1.3 Illustration of in Situ/operando characterization, combing deposition 

techniques and multiple beam sources with detectors under external stimuli for 

perovskite thin film analysis.32 

However, these characterization techniques are primarily applied to polycrystalline 

FAPbI3 thin films with an average grain smaller than 5 𝜇𝑚,33 making it challenging to 

obtain a direct view of the interphase boundary. Other techniques, such as in-situ Raman 
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spectroscopy and density functional theory (DFT),34 have been employed to detect the 

intermediate phase during the formation of α-FAPbI3. Nonetheless, more details still 

need to be revealed, including the phase transition, defect formation, interphase 

boundary, and related mechanisms. Thus, to better investigate this versatile material, 

particularly its phase transition processes, there is a significant need for more intuitive 

characterization methods that allow for large-area observation with minimum material 

damage. Therefore, the synthesis of highly oriented single-crystal δ-FAPbI3 thin films 

in is a prerequisite. Performing microscopy and structural analysis during the annealing 

process is a highly effective method for achieving this goal.  

The study of single-crystal FAPbI3 is pivotal due to its unique properties and potential 

applications. Research includes advanced synthesis techniques, such as inverse 

temperature crystallization (ITC),35 anti-solvent,36 space confine growing 37 and so on, 

to produce high-quality crystals. Mechanistic studies of FAPbI3 single crystal are 

essential for understanding the material’s space group and provide insights into its 

structure and electronic properties. These insights are crucial to optimizing FAPbI3 for 

use in optoelectronic applications, including high-efficiency solar cells, LEDs, and 

photodetectors, ultimately driving advancements in next-generation optoelectronic 

devices. However, to date, there has been no research on the application of single-

crystal FAPbI3 thin films for the δ to α phase transition, nor the synthesis of bulk single-
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crystal δ-FAPbI3. Thus, this thesis proposes a novel synthesis method for producing 

high-quality single-crystal δ-FAPbI3 thin films. Additionally, it employs 4D STEM 

techniques to study the annealing-induced phase transition, with a focus on the 

transition front, orientation relationships, and the formation of defects, particularly 

planar defects. 

1.2 Objectives and scope of research 

1.2.1 Objectives 

Perovskite solar cells, recognized as one of the most promising and sustainable energy 

technologies, offer substantial potential in addressing the global energy crisis and 

mitigating environmental pollution. Their development is crucial in transitioning away 

from reliance on fossil fuels, thereby contributing to a cleaner and sustainable energy 

future. To date, FAPbI3 based materials have received significant attention due to their 

high efficiency, efforts to enhance these materials have not only focused on material 

modifications but also investigating the underlying mechanism. In the fabrication of 

perovskite devices using a one-step method, FAPbI3 initially forms the δ phase 

following spin-coating and subsequently transitions to the α phase upon annealing. This 
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transformation process, though critical, has not been extensively investigated. It is 

closely related to the preferred orientation of the films and the formation of defects. 

Specifically, the association between the {111}α planar defects commonly observed in 

FAPbI3 thin films and the phase transition process remains unexplored.26, 27 

Furthermore, previous studies on the phase transition kinetics of FAPbI3 have primarily 

focused on the phase transition kinetics of FAPbI3 have primarily focused on 

polycrystalline thin films or powders, the measurements of the activation energy for the 

phase transition of FAPbI3 have exhibited considerable variation, ranging from 

approximately 0.84 eV to 1.814 eV.38-40 This significantly discrepancy suggests that the 

current understanding of the mechanisms underlying the FAPbI3 phase transition 

remains incomplete. Such variations underscore the complexities of the dynamics and 

molecular interactions involved in the phase transition process that have yet to be fully 

elucidated. This observation underscores the necessity for further research and detailed 

exploration of the kinetic dynamics of FAPbI3 phase transitions to refine theoretical 

models and accurately interpret experimental data. 

In solid-solid phase transition transformations, the Johonson-Mehl-Avrami (JMA) 

model is frequently employed to describe the kinetic of the transformation process.41, 42 

This model is a mathematical description used to predict the kinetic of phase 

transformations in materials. It quantifies how a new phase grows within a matrix phase 
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under isothermal conditions, so quantifying the extent of phase transformation has 

conventionally been achieved through XRD signals or visual color changes. However, 

the XRD method often suffers from slow data acquisition rates and the potential 

degradation of perovskite materials under the high-energy X-rays typically employed 

in synchrotron radiation. Furthermore, identifying phase transitions by color change 

lacks sensitivity and can be imprecise. These limitations necessitate the exploration of 

alternative methodologies that provide accurate, sensitive, and non-destructive 

evaluations of phase transformations. 

Beyond the phase transformation from δ to α, the reversal from α to δ is critically 

important, particularly due to the stability concerns of FAPbI3. It is well known that the 

degradation of FAPbI3 can be accelerated by moisture and light exposure.13, 43, 44 

Evidence indicates that water begins to erode FAPbI3 at the boundaries, as observed in 

KPFM measurements.44 This phenomenon is understandable since grain boundaries 

typically possess higher boundary energy, facilitating easier phase transitions. However, 

intragrain defects such as planar defects and stacking faults can also contribute to the 

increase in total energy and may play a critical role in the origin of degradation.45 In the 

synthesis of pure FAPbI3 thin films, the persistence of the residual δ phase is frequently 

observed. Notably, XRD consistently demonstrates an anomaly in the 101̅0δ diffraction, 

which manifests as a split slightly preceding its theoretical position (2𝜃=11.78°), and 
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this phenomena is reported to be attributed to the effects of water interaction.13, 44, 46, 47  

Furthermore, DFT calculations investigating hydrogen bond interaction for FA+ and 

MA+ indicate that the bonding of FA+ with the compound is 0.10 eV to 0.15 eV weaker 

than that of MA.48 This suggests that FA+ may exhibit a relatively weak interaction with 

water, implying that the observed split peak could serve as an important indicator 

requiring further elucidation through additional characterization.  

Based on the above considerations, to thoroughly compare the phase transition 

mechanism of this versatile material, it is imperative to design both in-situ and ex-situ 

microscopy alongside XRD characterization, particularly targeting the novel 

morphology of single-crystal δ-FAPbI3 thin film. Systematic measurements should be 

implemented to achieve direct observation of the FAPbI3 thin film, which will also 

unveil more dynamic information about the δ to α transition, especially regarding the 

nature of the phase transition and its anisotropy. 

The objectives of this study are summarized as follows: 

A. To design and synthesize single crystalline, highly oriented, distinctive δ-

FAPbI3 thin films and bulk crystals for structure analysis. 

B. To directly observe the dynamic behavior of thermal annealing induced δ to α 

phase transition in single crystal FAPbI3 thin films, obtaining more detailed 

information while minimizing the impact on the sample during experimental 
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observation. 

C. To correlate macroscopic phase transition information with phase transition 

details at the microscopic level, including the orientation relationship between 

δ and α phases and the phase transition front. 

D. To elucidate the defect formation mechanism, primarily focusing on planar 

defects, and their relationship with phase transitions. 

E. To investigate the degradation of polycrystalline α-FAPbI3 thin films under 

moisture and illumination exposure, and to interpret the role of residual δ-

FAPbI3 from a structural perspective. 

To fulfill the outlined objectives, the following methodologies are proposed: 

a. To mitigate the influence of diverse cations on the investigation of phase 

transitions, this study utilized pure FAPbI3 as the subject of research. Moreover, 

to enable direct observation of the phase transitions in specific orientations, it is 

imperative that the FAPbI3 be configured either as a well-defined crystal bulk 

or as a thin film with a distinct shape. Guided by the prior narrative, the initial 

synthesis involved the production of a well-defined δ-FAPbI3 single crystal 

prism. The synthesis was conducted using antisolvent at ambient temperature. 

The top facet of the crystal was denoted as {0002}δ, surrounded by six side 

facets indexed as {101̅0}δ. Then, the experimental synthesis targeted a single 
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crystal δ-FAPbI3 thin film, which was distinguished by a well-defined boundary 

and dimensions on the scale of hundreds of micrometers. The crystal’s side 

plane facet was indexed as {101̅0}δ, and its corner facet was delineated by the 

{12̅10 }δ. A bulk single crystal prism underwent systematic XRD analysis, 

which was precisely implemented with the specimen strategically aligned in 

predetermined configurations, accompanied by basal chi adjustments ranging 

from 0°  to 60° . This methodical arrangement was essential for the detailed 

investigation of both edge and side facets of the crystal. In addition to traditional 

XRD techniques, grazing incidence wide angle X-ray scattering (GIWAXS) and 

in-situ annealing XRD was employed as a supplementary characterization 

method to assess structural changes pre and post phase transition. Furthermore, 

for the analysis of the single crystal thin film, in-situ annealing polarized 

microscopy was periodically conducted to monitor the evolution of the α phase 

over time. Four dimensional- Scanning transmission electron microscopy (4D-

STEM) was employed to examine a sample subjected to annealing yet not fully 

phase-transformed, enabling the precise determination of distinct structural 

orientations specific to the δ/α phases. This advanced imaging technique 

provided an integrated assessment of both macroscopic and microscopic 

structural details. Additionally, when coupled with detailed amorphous analysis, 
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this methodology facilitated an elucidation of the progressive formation of 

defects within the crystalline matrix. Confocal PL spectroscopy was performed 

to evaluate the crystallinity within the phase transition regions of the sample. 

This analysis was systematically compared to the results obtained from 4D-

STEM, providing a complementary perspective on the structural changes 

occurring during the phase transition. 

b. To elucidate the structural transformations during the degradation of the 

polycrystalline thin films, comprehensive analyses using XRD and TEM were 

conducted to provide corroborative evidence of these changes. To facilitate 

more precise TEM investigations, a novel methodology for preparing free-

standing TEM samples was devised. This approach entailed the integration of a 

sacrificial layer during the fabrication of the thin films, which was later 

selectively dissolved using a perovskite-compatible, non-detrimental solvent, 

thereby enabling unobstructed electron microscopy analysis. 

1.2.2 Synopsis of Thesis 

This thesis documents the synthesis of δ-FAPbI3 in both prism and thin film forms and 

characterizes the δ to α phase transition, which is crucial for comprehending the integral 
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process underlying perovskite device fabrication. This investigation is essential for 

elucidating the critical steps involved in the manufacturing of perovskite-based devices. 

The synthesis of single crystal δ-FAPbI3 with well-defined shape and boundaries is 

essential for subsequent in-situ and ex-situ microscopy and spectroscopy measurements. 

For FAPbI3 degradation studies, the newly developed free standing TEM samples are 

meticulously designed to replicate the authentic morphology of perovskite devices and 

to accurately reflect their degradation dynamics. 

The structure of this thesis is organized as follows: 

Chapter 1: This chapter comprehensively expounds on the trajectory of global energy 

utilization, emphasizing the significant strides in renewable energy innovations, 

particularly within the context of solar technology. Special attention is devoted to the 

emergent field of perovskite solar cells, with a focus on the swift advancements in 

FAPbI3, a leading material in this domain. Additionally, this chapter critically examines 

the challenges confronting FAPbI3 within perovskite solar applications. The articulated 

objectives and methodological approaches are meticulously tailored to meet the 

exigencies of real-world technological advancements, with a concerted focus on 

elucidating the complex mechanisms underlying phase transition and degradation in 

FAPbI3 materials. 

Chapter 2: In this chapter, an exhaustive examination of the extant academic research 



 

19 

on FAPbI3 is presented, emphasizing the synthesis of knowledge concerning phase 

transitions, defect formation, degradation dynamic, and the phase change kinetics of 

FAPbI3. This analysis incorporates a robust suite of characterizations, including XRD, 

GIWAX, and TEM, complemented by theoretical insights derived from density 

functional theory (DFT) and molecular dynamics (MD) simulations. The discourse 

presented herein establishes the scholarly foundation for this thesis, offering critical 

insights that underpin and propel the overarching research narrative.  

Chapter 3: This chapter elaborates on the methodological synthesis of our pioneering 

δ-FAPbI3 single crystal prism and thin films, accompanied by an in-depth material 

characterization that scrutinizes both the structural and compositional attributes of the 

materials. Subsequently, it ventures into a sophisticated analytical discourse on the 

findings, notably elucidating the anisotropic δ to α phase transitions that are intrinsic to 

the material. These phase transitions are rigorously analyzed through in situ annealing 

microscopy, systematically integrated with the Johnson-Mehl-Avrami (JMA) model, to 

provide a quantitative framework for assessing phase transition dynamics. The 

discourse extends to a precise delineation of interphase boundaries and a detailed 

quantification of defect structures, thereby establishing a multiscale microscopy 

methodology for investigating perovskite phase transition.  

Chapter 4: This chapter will initially expound upon our newly established 
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methodology for preparation device-grown, free standing TEM samples. It will detail 

how XRD measurements of the δ-FAPbI3 residual phase, when coupled with TEM, 

reveal diverse manifestations of the δ-FAPbI3 existence. Additionally, the chapter will 

present and analyze ex-situ XRD results, specifically focusing on the degradation of 

FAPbI3 facilitated by moisture and illumination, thereby offering a thorough evaluation 

of the diverse interpretations concerning the initialization of FAPbI3 degradation. 

Chapter 5: This chapter will consolidate the key findings and achievements presented 

in this thesis, highlighting the significant contributions to the field and demonstrating 

the impact of these discoveries on current understanding. Additionally, it will outline 

recommendations for future research directions, suggesting areas where further 

investigation could yield valuable insights and advancements. This discussion will also 

propose specific methodologies and approaches that future studies might adopt to build 

upon the foundational work laid out in this thesis. 
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Chapter 2 Literature review 

In this section, an overview of the phase transition of hybrid perovskite will be 

discussed and detailed, with a summary provided. The discussion will be structured into 

three sections for clarity and thoroughness. The introductory section will first offer a 

comprehensive understanding of hybrid perovskite, covering its material composition, 

intricate structural features, and applications. The subsequent section will discuss the 

current study of phase transition of hybrid perovskite, with a particular focus on 

formamidinium lead iodide-based hybrid perovskites. Following this, the state-of-the-

art advancements in investigating the structure, phases, and defects of hybrid perovskite 

using transmission electron microscopy will be explored. 

2.1 Introduction to hybrid perovskite 
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2.1.1 Basic information of perovskite  

Figure 2.1 Elucidation of perovskite structures. a) natural mineral perovskite 

crystals. b) depiction of molecular structure displaying atomic positions of A, B 

and X atoms within the perovskite framework. c) illustration of perovskite 

formation showcasing an octahedron encasing the A cation, exemplifying an 

ideal perovskite formation. d) representation of a non-perovskite structure 

characterized by octahedra with face-sharing configuration. 

Hybrid perovskites are a class of materials that have gathered wide attention during the 

last decade, especially in the field of optoelectronics.10, 49, 50 These materials feature a 
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unique crystal structure, and their properties can be easily tuned by adjusting the 

components. The typical crystal structure of hybrid perovskite is illustrated in Figure 

2.1, where cation A is surrounded by eight BX6
2- octahedra, ultimately forming the 

ABX3 component. The primary and most significant application of hybrid perovskites 

lies in their use as the light-absorbing layer in solar cells.9, 12  

Hybrid perovskite materials can be classified into three types — one dimensional 

（1D）,51 two dimensional  （2D）,52 and three-dimensional (3D) based on their structure. 

This classification can be achieved by altering the A-site cation to include a long chain 

organic molecule, such as an alkylammonium salt,53 which promotes the formation of 

a periodic, layered structure. In these 2D-perovskites, the layers are predominantly held 

together by van der Waals forces, while the organic cations within the layers may 

interact through hydrogen bonds, this type of hybrid perovskite is also known as 

Ruddlesdene Popper (RP) perovskites, is represented by the formula A‘2An-1BnX3n+1 

where A ’ represent the long chain cation, and the n can be tuned by altering the 

concentration ratio of A‘/A, and when n approaches infinity, the RP structure transitions 

into a three dimensional perovskite, as depicted in Figure 2.2. Owing to the elongated 

chain-like characteristics, the interlayer in RP perovskites becomes insulating. 

Consequently, these interlayers facilitate a distinct quantum well configuration in the 

material,54 and the distinctive layered architecture positions it as an exemplary 
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candidate for the passivation of 3D-perovskites, thereby attenuating the presence of 

dangling bonds.55 However, due to the layered structure of RP perovskites and the 

insulating properties of the interlayer, solution-processed RP perovskite typically orient 

with an in plane <001> direction, thereby enhancing the device’s electrical resistance, 

consequently, the efficiency of RP perovskites has yet to match that of three-

dimensional perovskites.56 

Figure 2.2 Displays the structural evolution of hybrid perovskite materials from 

three-dimensional perovskite to RP configurations for n=1 and n=2, extending 

from n=0 to n= ∞ , where n= ∞  denotes a three-dimensional perovskite 

structure.52 

2.1.2 Tolerance factor and octahedral tilting 

In the assessment of perovskite structural stability, the Goldschmidt tolerance factor, 



 

25 

calculated using the formula 𝑡 =
𝑟(𝐴)+𝑟(𝑋)

√2(𝑟(𝐵)+𝑟(𝑋))
, proves instrumental in characterizing 

the ideality of perovskite, in the formula, 𝑟(𝐴), 𝑟(𝐵) and 𝑟(𝑋) denote the ionic radii 

of the A-site, B-site, and X-site ions, respectively.16 When the tolerance factor t falls 

below unity, octahedral tilting is more readily initiated, resulting in the deformation of 

the overall matrix configuration. Glazer summarized that the octahedra could tilt around 

three orthogonal axes, leading to changes in the lattice parameters post tilting as follows:  

𝑎1 = 𝜉cos⁡(𝛽)cos⁡(𝛾) ; 𝑏1 = 𝜉cos⁡(𝛼)cos⁡(𝛾)  and 𝑐1 = 𝜉cos⁡(𝛼)cos⁡(𝛽) , in this 

model, 𝛼, 𝛽 and 𝛾 signify the angles of octahedral tilt relative to the a-, b- and c- 

axis, respectively.57 The 𝜉  represents the distance between anions traversing the 

centroid of the octahedron. In glazer notation, tilting solely around [001] axis suggests 

a tetragonal symmetry within the perovskite structure. The tetragonal symmetry is 

theoretically maintained as long as the tilt configurations of adjacent layers remain 

consistent along the axis. However, variations in tilt magnitudes or phase difference 

across layers can alter the overall symmetry, potentially resulting in other structural 

symmetries such as orthorhombic or monoclinic, Woodward refined the relationship 

between octahedral tilting and space classifications, detain these associations in Table 

2.1.58  
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Table 2.1 Woodward’s expansion and revision of Glazer’s space group 

classification for perovskite tilting systems with consideration of atomic 

positions.58 

3D hybrid perovskites currently dominate as the primary photo-active material within 

the field. This class of materials employs X as a halide element and A cations, primarily 

FA and MA. Among the various choices for the B site, lead is the most commonly 

utilized for harvesting the solar energy.59 Hybrid perovskites featuring MA as the 

primary cation demonstrate superior electronic properties and have attracted research 

interest regarding their ferroelectric and ferro-elastic properties. This interest is 

attributed to the tetragonal crystal structure, which, influenced by a relatively small 

tolerance factor (~0.912)60 and consequent single-octahedral tilting, results in a lower 

symmetry configuration of the material, potentially inducing a permanent dipole 

moment.61, 62 Compared to the larger bandgap of MAPbI3 (~1.55 eV),12 FAPbI3 exhibit 

a narrower bandgap (~1.48 eV),12, 20 indicating potential enhancements in light 

absorption capabilities suitable for solar applications. MAPbI3 undergoes a series of 

phase transitions influenced by temperature-induced lattice dynamics. At 

approximately 170 K, the material transitions from an orthorhombic structure (Pnma, 

#62)63 to a tetragonal phase (I4/mcm, #140). As the temperature increases to about 327 
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K, MAPbI3 further transitions from the tetragonal to a cubic phase (Pm3̅m, #221).64 

These transformations are attributed to thermal expansion which facilitates a 

progressive change in the tilting of the octahedral units within the crystal structure- 

from bi-axial tilting in the orthorhombic phase, to a single-axis tilting in the tetragonal 

phase, and finally to an absence of tilting in the cubic phase which also suit perfectly to 

Woodward’s definition in Table 2.  

The near-room-temperature shift from tetragonal to cubic in MAPbI3 can compromise 

device stability, leading to structural issues that impact their performance and durability. 

FAPbI3 demonstrates superior thermal stability relative to MAPbI3, which can be 

ascribed to its larger tolerance factor (~1.036).18 However, at room temperature, FAPbI3 

undergoes a transition to a non-perovskite phase where the octahedra share faces, as 

shown in Figure 2.1d. This configurations represents the most stable phase of FAPbI3 

at this temperature,65 therefore, it is challenging to completely eliminate the δ phase 

(2H configuration), which is directly associated with the degradation of the device’s 

performance. 

2.2 Hybrid perovskite synthesis and fabrication 

2.2.1 Antisolvent engineering 
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Considerable research endeavors have been undertaken to inhibit the formation of the 

δ phase during the fabrication of FAPbI3 devices, encompassing strategies such as anti-

solvent techniques, incorporation of chemical additives, and the adoption of two-step 

fabrication methodologies.66  

Antisolvents trigger quick, dense nucleation in perovskite films, creating smooth, 

defect-free layers.67 Alternative techniques such as additive engineering enhance film 

quality by moderating crystallization rates or conducting defect passivation, thus 

boosting the film’s crystallinity and optoelectronic properties.68 The two-step 

fabrication method effectively reduces the delta phase in FAPbI3 by separating the 

deposition of lead iodide (PbI2) and its conversion to perovskite with formamidinium 

iodide (FAI).34  

Common solvents such as Dimethyl Sulfoxide (DMSO), Dimethylformamide (DMF), 

Acetonitrile (ACN), Gamma-Butyrolactone (GBL), and Dimethylacetamide (DMA) 

are widely used in the fabrication of hybrid perovskite precursors due to their excellent 

dissolubility suitable boiling points and coordination properties.69 The selection of an 

antisolvent should be closely related to the choice of the precursor solvent, primarily 

dependent on the solubility of the organic precursors in the antisolvent, as well as the 

miscibility of the antisolvent with the precursor solvent. These factors synergistically 
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modulate the rate-dependent dynamics during the application of the antisolvent.70 

Polarity and boiling point are commonly used as criteria for selecting antisolvents, with 

the parameters for common antisolvents summarized in Table 2.2. In line with the 

principle of 'like dissolves like,' the polarity of an antisolvent should significantly differ 

from that of the precursor solvent to facilitate rapid crystallization of the perovskite. 

Additionally, the boiling point of the antisolvent should be optimally chosen to avoid 

 

Table 2. 2 Information on common antisolvents including boiling points and 
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dipole moments.70 

extremes, ensuring uniform film formation by preventing premature evaporation while 

allowing sufficient time for the solvent to act effectively. Due to DMF's dipole moment 

of 3.62D,71 CB, with a dipole moment of 1.6D and a boiling point 131℃,72 provides 

sufficient time for the extension during spin coating. This makes it an appropriate and 

the most common antisolvent when DMF is used as the precursor solvent.73  

2.2.2 Additive engineering 

In the fabrication of FAPbI3 perovskite solar cells, additives play crucial roles in 

enhancing film morphology, crystallinity, and overall device stability. The underlying 

mechanisms through which these additives exert their beneficial effects can be grouped 

into several categories: defect passivation, crystallization control, grain boundary 

engineering, and phase stabilization.67 

Additives such as fullerene derivatives (e.g., PCBM)74 and alkali metal halides (e.g., 

KCl, CsCl) 75 are known to effectively passivate defects within the perovskite structure. 

These defects, which include vacancies, interstitials, and grain boundary defects, can 

act as non-radiative recombination centers, significantly reducing the photovoltaic 
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performance of the device. By passivating these defects, additives can reduce charge 

recombination losses, leading to higher power conversion efficiencies (PCE). 

The incorporation of additives like chlorides (e.g., PbCl₂)76 and organic molecules (e.g., 

methylammonium chloride, MACl)77 can influence the crystallization process of the 

perovskite film. These additives can modify the nucleation and growth kinetics, 

resulting in larger and more uniform grain sizes. This enhancement in grain size is 

critical for improving charge transport properties and reducing grain boundary 

recombination. 

Additives can also play a significant role in engineering the grain boundaries of the 

perovskite films. For instance, polymers such as polyethylene glycol (PEG)78 and 

polyvinylpyrrolidone (PVP)79 can be used to passivate and stabilize grain boundaries. 

This not only improves the mechanical integrity of the films but also reduces the density 

of trap states at the grain boundaries, thereby enhancing the overall device performance. 

FAPbI₃ is prone to phase instability, where it can transform from its photoactive black 

phase (α) to the non-photoactive yellow phase (δ). Additives such as guanidinium 

(GA)80 and certain alkali metal ions (e.g., Rb⁺, Cs⁺)81 can stabilize the black phase by 

incorporating into the perovskite lattice or by forming secondary phases that promote 
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the stability of the desired α phase. This stabilization is crucial for maintaining high 

device performance over time. 

2.2.3 Single crystal bulk and thin film hybrid perovskite 

The synthesis of single crystal FAPbI₃ in both bulk and thin film forms have attracted 

significant attention due to their superior properties, including high crystallinity, low 

defect density, and excellent charge transport capabilities. These attributes are crucial 

for enhancing the performance of optoelectronic devices such as solar cells, LEDs, and 

photodetectors, as well as deepening the understanding of perovskite structures.82 

Achieving high-quality single crystals and thin films depends heavily on advanced 

synthesis methods, particularly ITC, antisolvent engineering, and the space-confined 

method.83 

In the realm of perovskite synthesis, ITC leverages the unique solubility behavior of 

perovskite precursors, where solubility decreases with increasing temperature.84 As 

described in Figure 2.3a Han and colleagues describe the synthesis of single crystal 

FAPbI₃ using ITC method in GBL solvent. Initially, seed crystals are formed through a 

cooling solution method. These seed crystals are then placed in a GBL precursor 

solution and subjected to precise temperature at 100℃ to grow larger single crystals. 

This method yields high-quality crystals with minimal defects; however, the 
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temperature rate must be meticulously regulated to ensure the formation of a pure phase 

α-FAPbI₃ single crystal, necessitating a growth process that is as slow and controlled as 

possible.85 

Antisolvent engineering is also employed in the synthesis of perovskite single crystals. 

During the crystallization process, an antisolvent such as CB or toluene is introduced 

into the perovskite precursor solution.86 This approach facilitates the synthesis of single 

crystals at room temperature, thereby reducing potential lattice strain that may arise 

from the high-to-low temperature transitions inherent in the ITC method. 

The space-confined method involves confining the perovskite precursor solution 

between two substrates though, limiting the space available for crystal growth and 

promoting the formation of thin, continuous single-crystal thin films. Studies have 

demonstrated that hydrophobic interfaces facilitate the dispersion of precursors and the 

growth of single crystals within confined environments. For example, as illustrated in 

Figure 2.3b, the application of a poly(triarylamine) (PTAA) coating on the interface 

significantly enhances these processes.87 The confinement induced by capillary action 

and the inherent weight of the top substrate generally results in relatively thick films, 

typically exceeding 1 μm.88 To achieve thinner single crystal films, researchers have 
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applied additional pressure, as illustrated in Figure 2.3c, successfully obtaining single 

crystal thin films with thicknesses reduced to the tens of nanometers scale.89 
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Figure 2.3 Progressive stages in the development of single crystal perovskite 

bulk and thin film synthesis. (a) Time-dependent inverse-temperature 

crystallization of α-FAPbI3. 85 (b) Surface hydrophobic modification for single 

crystal MAPbI3 and MAPbBr3 thin film using space confined and inverse 

temperature method.87 (c) Pressure-induced MAPbBr3 single crystal thin film 

synthesis with ultra-thin film thickness combining space confined and inverse 

temperature method.89 

2.3 Structural and dynamic investigation of hybrid 

perovskite 

2.3.1 TEM analysis on MAPbI3 and FAPbI3 

TEM coupling with SAED is a powerful tool used to investigate the structural 

properties of materials at the atomic scale. In the field of perovskite solar cells, 

understanding the microstructure of materials like FAPbI3 and MAPbI3 is crucial for 

optimizing their performance and stability.  

The conventional high-resolution imaging approach has been recognized as a direct 

cause of the perovskite-to-PbI₂ transition in FAPbI₃ and MAPbI₃,88 owing to the 
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susceptibility of their organic components to beam-induced damage.90 TEM operates 

by transmitting electrons through a thin sample to produce high-resolution images of 

the internal structure. SAED, employed alongside TEM, focuses on a localized region 

of the sample, generating a diffraction pattern from scattered electrons to elucidate the 

crystal structure and orientation while minimizing electron exposure. As a result, in 

recent years, SAED has increasingly superseded high-resolution transmission electron 

microscopy (HRTEM) for the structural characterization of organic perovskites due to 

its reduced beam damage.91, 92 

MAPbI₃ primarily exhibits a tetragonal phase at room temperature. When heated, it 

transitions to a cubic phase, while cooling induces the formation of a low-temperature 

orthorhombic phase.64 Rothmann et al. successfully achieved direct visualization of 

MAPbI₃ by employing spin coating of the MAPbI₃ precursor onto thin carbon-coated 

TEM grids.93 Utilizing TEM bright-field imaging, they identified the presence of twin 

domains within the MAPbI₃ structure for the first time. These findings were further 

substantiated by SAED analysis, which revealed the splitting of the 110 diffraction 

spots, thereby confirming the 112 plane as the twin plane as depicted in Figure 2.4. 

MAPbI3 is highly sensitive to electron beam irradiation, with significant changes 

occurring at low doses. Key structural changes include the loss of twin domains and the 

formation of a √2 × √2 supercell, followed by transformation into lead iodide with  
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Figure 2.4 Twinning model and actual SAED pattern of MAPbI₃. (a) Description 

of the twin-domain structure in zone axis [1𝟏̅𝟎 ]. (b) SAED pattern of [11̅0] 

oriented MAPbI₃ twin with θ=1° point split at the 220-diffraction spot. c) 

Schematic model of the continuous {112} twin structure.93   

increased electron exposure.90, 94 The electron-sensitive nature of organic perovskites 

necessitates meticulous care when utilizing electron microscopy for their study. 

Similarly, the versatile material FAPbI₃ is also subject to challenges arising from 

electron sensitivity. 
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Twinning on the {111} plane in FCC structures is a well-documented phenomenon, 

commonly observed in materials such as copper (Cu),95 silver (Ag),96 and other FCC 

metals. This type of twinning occurs frequently due to the high symmetry and close-

packed nature of the {111} plane in FCC crystals, playing a significant role in the 

mechanical behavior and microstructural evolution of these materials. Similarly, {111} 

twinning and stacking faults have been extensively characterized in FAPbI₃ using TEM 

and SAED techniques.26, 27, 97 

Li et al. identified that the slight misfit in the geometric configuration of FAPbI₃ in the 

cubic (α) phase results in a high density of stacking faults. Their research demonstrated 

that doping with MA effectively alleviates these stacking faults, as evidenced by the 

gradual disappearance of streaks along the {111} twin plane with increasing MA 

content. Additionally, the persistent issue of hysteresis was found to be proportional to 

the amount of stacking faults present.27  

In summary, the passage highlights the effectiveness of TEM and SAED in analyzing 

the microstructure of FAPbI₃ and MAPbI₃ in perovskite solar cells, emphasizing the 

reduced beam damage with SAED and the detailed structural insights gained. It also 

underscores the materials' sensitivity to electron beams and the significant role of MA 

doping in reducing defects and improving performance. 
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2.3.2 Dynamic study of FAPbI3 phase transition 

Gaining a deep understanding of the kinetic processes involved in the phase transition 

from delta to α phase in FAPbI3 is vital for advancing perovskite solar cell technology. 

The α phase, noted for its excellent photovoltaic properties, plays a crucial role in the 

overall efficiency and long-term stability of these devices. Being able to master the 

kinetics of this phase transition could lead to substantial advancements in the field. In 

industrial settings, the precise control and stabilization of the α phase during production 

are crucial.98  

XRD, augmented by GIWAXS, constitutes an essential analytical paradigm for probing 

crystallographic transformations during material phase transitions.38 Through rigorous 

analysis of diffraction patterns and GIWAXS data, this technique enables the precise 

quantification of modifications in lattice parameters and symmetry, thus providing a 

detailed elucidation of the structural dynamics central to phase transitions. Employed 

predominantly in real-time or in-situ settings, XRD facilitates uninterrupted 

observation of structural evolution, capturing subtle changes under controlled 

environmental variables such as temperature and pressure gradients.33, 99, 100  

Building on the microscopic structural insights provided by XRD, in-situ optical 

microscopy offers a complementary observational modality for phase transition 
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studies.30, 40 It enables the direct visual assessment of textural, morphological, and 

chromatic changes at the microscale during transitions. This technique is particularly 

adept at monitoring the kinetics of phase boundary movements and the genesis of new 

phases. Enhancements through polarized light microscopy further augment its 

capability to detail the anisotropic properties of materials undergoing phase 

transformations, providing a richer understanding of the material behavior. 

Concurrently, Differential Scanning Calorimetry (DSC) quantitatively measures the 

thermal energy exchange associated with material phase changes under various thermal 

conditions—whether heating, cooling, or isothermal.101 Specializing in the detection 

and quantification of first-order transitions, DSC identifies characteristic endothermic 

or exothermic peaks within the calorimetric curve. These peaks yield essential 

thermodynamic data, such as transition temperatures and changes in enthalpy, offering 

a robust quantitative framework that complements the structural and visual data 

provided by XRD and optical microscopy. Collectively, these techniques furnish a 

comprehensive multi-scale perspective on the dynamic phenomena occurring during 

phase transitions in materials.39 

The JMA model, also known as the Avrami equation, is a fundamental approach used 

in materials science to describe the kinetics of phase transformations, particularly non-
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equilibrium transformations such as crystallization and the growth of new phases.102 

This model is extensively used to analyze the kinetics of transformations in solids that 

are not instantaneous but rather occur over a period as a function of temperature and 

time. 

The JMA model is expressed mathematically as: 𝑋(𝑡) = 1 − 𝑒−𝑘∙𝑡
𝑛
. Where 𝑋(𝑡) is 

the fraction of the material transformed at time 𝑡; 𝑘 is a rate constant that incorporates 

temperature and material properties; 𝑛 is the Avrami exponent, which provides insight 

into the mechanism and dimensions of growth; t is time. In the context of sporadic 

nucleation, the Avrami exponent n takes on specific values depending on the growth 

dimensionality: n=2 for needle-like (1D) growth, n=3 for plate-like (2D) growth, and 

n=4 for spherical (3D) growth. Conversely, for instantaneous nucleation, the values 

shift to n=1 for needle-like growth, n=2 for plate-like growth, and n=3 for spherical 

growth. The term 'hard impingement' describes the cessation of growth when grains 

intersect in a particular direction.103 

In conclusion, mastering the kinetics of the delta to α phase transition in FAPbI3 is 

crucial for enhancing the performance and stability of perovskite solar cells. By deeply 

understanding the structural and thermodynamic changes during the phase transition 

and employing models to quantitatively describe the kinetics, precise control of the 
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phase can be achieved. This advancement is pivotal for driving significant progress in 

perovskite solar cell technology. 
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Chapter 3 Anisotropic δ-to-α phase transition 

in Formamidinium Lead Iodide thin films 

3.1 Introduction 

Hybrid perovskites based on FAPbI3 have been recognized as one of the most promising 

candidates for next-generation solar cells with exceptionally high efficiency and lower 

cost. Owing to the instability of the cubic perovskite structure inherited from the large 

ionic radius of NH2CH=NH2
+ (FA+), at room temperature FAPbI3 tends to form a 

hexagonal non-perovskite structure (δ-FAPbI3 or yellow phase)104 without photoactivity. 

Thermal annealing is usually required to induce phase transition and to achieve the 

photoactive cubic phase (α-FAPbI3 or black phase),105 which can be maintained down 

to room temperature for solar cell applications. A plethora of works have been 

demonstrated to prepare high-quality α-FAPbI3 materials with record-high power 

conversion efficiencies (PCEs) based on such annealing-induced δ-to-α phase 

transition.22, 25, 99, 106-110 Due to its critical impact on solar-cell performance, significant 

efforts have been made to optimize the annealing process. For example, radiative-

assisted thermal annealing has been developed to achieve more efficient phase 

transition, which can obtain purer α-FAPbI3 with less annealing time.29 Atmosphere 
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control during annealing has also been established as an effective approach to lower the 

δ-to-α transition barrier and to improve crystal quality of α-FAPbI3.
22, 111 Moreover, 

higher δ-FAPbI3 crystallinity prior to annealing can promote the formation of α-FAPbI3 

with larger grains and more aligned orientation, leading to enhanced performance of 

FAPbI3-based solar cells.108, 109  

Despite its vital role on the quality and performance of solar cells, however, the 

fundamental mechanism of δ-to-α phase transition in FAPbI3 remains unclear. Sánchez 

et al. examined the impact of heating rate on δ-to-α transition in polycrystalline FAPbI₃ 

films using X-ray diffraction (XRD) and differential scanning calorimetry, but without 

microscopic observation to reveal the phase transition process.39 Lai et al. have applied 

pioneering in situ optical microscopy on δ-to-α phase transition in FAPbI3, showing its 

lower activation energy than inorganic perovskites. Nevertheless, the observation was 

limited to one-dimensional (1D) FAPbI3 microwires only, which is very different from 

FAPbI3 films used in solar cells. The limited resolution of optical microscopy is also 

incapable of revealing the detailed structure and morphology at the transition front, 

leaving a significant knowledge gap hampering the understanding of the phase 

transition mechanism. In this work, we demonstrate multiscale microscopic observation 

on δ-to-α phase transition in FAPbI3 thin films that are more relevant to solar cell 

devices. In particular, we prepare epitaxial δ-FAPbI3 thin films with well-defined 
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orientation for this mechanistic study. To better detect the phase transition process, we 

adopt polarized light microscopy (PLM) that offers enhanced contrast between 

isotropic α-FAPbI3 and anisotropic δ-FAPbI3. Facilitated by in situ heating, it enables 

the observation of heterogeneous nucleation of α-FAPbI3 and the subsequent 

anisotropic δ-to-α phase transition underpinned by the lower kinetic energy barrier 

along <0001>. We further reveal the morphology and orientation relationship at the δ-

to-α transition front using 4D scanning transmission electron microscopy (4D-STEM).  

By reconstructing dark-field images from specific diffraction spots, delta and alpha 

phases can be effectively distinguished, unlike conventional bright-field (BF) or dark-

field (DF) imaging. Additionally, 4D-STEM enables the investigation of large-area 

interfaces with an ultralow electron dose. On the other hand, bright-field images 

reconstructed from non-diffracted beams provide excellent contrast for defect detection 

in α-FAPbI₃. The presence of high-density planar defects is also unveiled at the 

transition front, which may promote the structure transformation between δ- and α-

FAPbI3. 

3.2 Material preparation and characterization 

3.2.1 Synthesis of single crystal bulk prism δ-FAPbI3 
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The single crystal δ-FAPbI3 prism was synthesized utilizing the anti-solvent method.36  

To begin with, 1.6 M solution of both Formamidinium iodide (FAI, Sigma-Aldrich) and 

PbI2 (Sigma-Aldrich) were prepared by dissolving them in 1 ml of 𝛾-Butyrolactone 

(GBL, Sigma-Aldrich), with the mixture subjected to continuous magnetic stirring 

overnight. The clear solution was then filtered through a 2 mm filter head and 

subsequently set aside for further use. 

1 ml of chlorobenzene (CB, Sigma-Aldrich) was placed into a vial, the top of which 

had been drilled with a 2 mm hole; the same operation was repeated for the precursor 

solution that had been obtained previously. The vial containing the anti-solvent, 

alongside the vial containing the precursor, was enclosed within a sealed 200 ml vial 

situated inside a glove box under an N2 atmosphere where H2O and O2 levels were 

maintained below 0.1 ppm. Designed to facilitate a gradual diffusion process, the setup 

was left undisturbed for over 72 hours, allowing the anti-solvent to slowly permeate 

into the precursor. Following this period, the distinct δ-FAPbI3 prism that had formed 

was carefully collected, delicately wiped with lint-free paper, and stored within the 

glove box in preparation for further application. 

3.2.2 Synthesis of epitaxial δ-FAPbI3 thin film 

As illustrated in Figure 3.3, a 3 µl aliquot of the precursor solution was carefully 
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introduced into the interstitial space formed by aligning two octadecyltrichlorosilane 

(OTS, Sigma Aldrich)-treated Si/SiO₂ slices in a face-to-face configuration. The 

assembly was left undisturbed for 10 minutes to allow homogeneous precursor 

diffusion across the substrate interface via capillary action. The assembled slices were 

subjected to a self-designed pressure setup and sealed with chlorobenzene (CB, Sigma-

Aldrich) as an antisolvent. The crystal growth process was conducted over seven days, 

after which the slices were separated using a knife. All procedures were performed in 

an N₂-filled glovebox to avoid exposure to H₂O and O₂. 

3.2.3 Transfer of FAPbI3 thin film onto TEM grid 

Polystyrene (PS, Mw ~35,000, Sigma Aldrich) was dissolved in chlorobenzene at 10 

mg/ml. A 30 µl aliquot was deposited onto the thin film and spin-coated at 600 rpm. 

After drying in a glovebox for 30 minutes, the PS layer was carefully lifted with 

tweezers, transferred onto a legacy TEM grid, and rinsed with CB to remove residual 

PS. 

3.2.4 X-ray Diffraction (XRD) 

A Rigaku SmartLab (9 kW, λ ~1.54 Å) was employed for measurements. Optical 

alignment and sample height adjustments were performed to correct omega offset and 
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enhance signal contrast. The rocking curve of δ-FAPbI₃ was measured at 2θ = 11.78° 

using the 2θ-omega scan method. 

3.2.5 In-situ optical polarized microscopy 

The as-synthesized single crystal thin film, which was encapsulated within an in-situ 

annealing setup specifically configured for optical observation, was also utilized to 

facilitate the transfer of the sample from the glove box to the microscope, employing a 

Leica DM2700M microscope equipped with polarizer and analyzer elements that were 

in a perpendicular configuration during testing. During the observation period, video 

data capture was sustained at a rate of one frame per second. Simultaneously, the 

temperature ramp was regulated to increase at a steady pace of 50°C per minute, 

ensuring that the thermal conditions remained controlled and consistent throughout the 

experiment. 

3.2.6 Confocal PL 

Confocal PL measurements were performed using a Witec confocal microscope that 

was equipped with an Ar ion laser (~532 nm) as the excitation source, the power of 

which was reduced to 0.06 mW, a large-scale scan was performed across a region 

measuring tens of square micrometers, utilizing a resolution defined by a 120x120 pixel 
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matrix. In addition, the in-situ annealing setup previously described was employed 

during these measurements to ensure that the perovskite sample remained protected 

from air exposure. 

3.2.7 Transmission electron microscopy (TEM) 

The as-prepared single crystal thin film TEM sample was carefully encapsulated within 

a dry box to ensure an anhydrous environment prior to its transfer into the analytical 

chamber of the Jeol-2100F electron microscope, which operates with an accelerating 

voltage of 200 kV. The duration for loading the sample into the microscope was 

rigorously controlled and limited to a maximum of two minutes to minimize exposure 

to potential environmental contaminants. Data acquisition for SAED and TEM was 

conducted with the sample in a fixed orientation, without any tilting, to ensure 

consistent and reliable imaging across the experiments. 

3.2.8 4D-STEM 

The 4D-STEM datasets were acquired using an EMPAD on a ThermoFisher Scientific 

Spectra 300 microscope operated at 300 kV. It was conducted with a small convergence 

semi-angle of 110 μrad, a beam current of 1 pA, and an exposure time of 1 ms to achieve 

the low-dose condition to probe the pristine structure of FAPbI3. 
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3.2.9 Density functional theory (DFT) calculations 

The DFT calculations were performed using the projector-augmented wave (PAW) 

method, as implemented in the Vienna Ab initio Simulation Package (VASP).112, 113 The 

generalized gradient approximation (GGA) in conjunction with the Perdew-Burke-

Ernzerhof (PBE) exchange correlation functional was employed. The van der Waals 

(vdW) interactions were incorporated during structural optimization through the zero-

damping method of Grimme (DFT-D3).114 For the optimization of the crystal structures 

of the α- and δ-phase FAPbI3 bulk and slabs, a Γ-centered grid with a k-point density of 

0.25 Å-1 and Gaussian smearing with a width of 0.05 eV were used. The energy cutoffs 

of the wavefunctions were set at 500 eV. To avoid interactions between periodic layers, 

the slab models were placed in the middle of crystals and were separated by vacuum 

layers of 10 Å at both the top and bottom. The structural optimizations were considered 

convergent when the force on each atom was less than 0.01 eV/Å. 

The FAPbI3 slabs were constructed to simulate the crystalline surfaces along the {001}, 

{110}, {111} and {210} crystallographic orientation for the α-FAPbI3, and along the 

{0002}, {101̅0} and {21̅1̅0} crystallographic orientation for the δ-FAPbI3. The surface 

energy (σ) was calculated by the following equation: 

𝜎 =
1

2𝐴
{(𝐸𝑠𝑙𝑎𝑏

𝑢𝑛𝑟𝑒𝑙 − 𝑛𝐸𝑏𝑢𝑙𝑘) + (𝐸𝑠𝑙𝑎𝑏
𝑟𝑒𝑙 − 𝐸𝑠𝑙𝑎𝑏

𝑢𝑛𝑟𝑒𝑙)} 
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where A is the surface area; 𝐸𝑠𝑙𝑎𝑏
𝑢𝑛𝑟𝑒𝑙and 𝐸𝑠𝑙𝑎𝑏

𝑟𝑒𝑙  are the energies of the unrelaxed and 

relaxed slabs, respectively;⁡ 𝐸𝑏𝑢𝑙𝑘  is the energy of the bulk α-FAPbI3 and δ-FAPbI3 

structure; and n is the exact number of FAPbI3 units in slab models. 

3.3 Results and discussion 

3.3.1 Single crystal 𝛅-FAPbI3 prism 

The single crystal δ -FAPbI3 prism, exhibiting a red-brown color, was synthesized 

using the antisolvent method as described in Section 4.2. As shown in Figure 4.1a, 

photos from the top side reveal a six-fold symmetry and a flat top facet, indicative of a 

hexagonal crystallographic configuration. Upon annealing at 150°C for an adequate 

duration, the crystal transforms into black. This transformation is confirmed by steady-

state PL spectra, with the main peak at 821 nm (band gap ~1.51 eV) aligning with the 

optical properties of α-FAPI3.
12 An additional minor peak at 796.5 nm (band gap ~1.55 

eV) suggests that the phase transition in the single crystal may introduce numerous 

defects. 

The conventional hexagonal configuration of FAPbI3 can exist in forms such as 2H (δ-

FAPbI3), 4H, or 6H, all of which can convert to 3C upon annealing 115. Conventional 

XRD using the θ-2θ method measures only the lattice vectors perpendicular to the 
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substrate. Accordingly, the single crystal prism was aligned and mounted on the 

equipment substrate as described in the Section 4.2, allowing for the examination of 

each facet, including the corner lattice, was examined. As depicted in Figure 4.1c, the 

side facet corresponds to {101̅0}δ with no other peaks present. After chi tilting to 30°, 

the corner lattice is clearly assigned to {12̅10}δ. Further tilting chi to 60° yields an 

equivalent {101̅0}δ, indicating the 2H configuration. Additional tilting, targeting the 

top side, confirms that the top facet corresponds to {0002}δ, as presented in Figure 4.1 

d.  

 

Figure 3. 1 Characterization of single crystal 𝛅-FAPbI3 prism. (a) optical image from 

both top and side perspectives of the obtained 𝛅-FAPbI3 prism. (b) PL spectra for the 
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black prism (after annealing). The inset image depicts the black crystal after being 

adequately annealed at 150°C. (c) XRD patterns obtained by solely tilting the chi angle 

from 0° to 30°, focusing on the side and corner lattice structures of the 𝛅-FAPbI3 prism. 

(d) XRD measurement results from the top side of the crystal, with combined tilting at 

chi 90° and phi 90°. 

Worth noting that the absence of diffraction peaks like 0001δ and 0003δ can indeed 

result from systematic extinctions due to specific symmetry elements in the crystal 

structure, which is normal when δ-FAPbI3, which typically crystallizes in a hexagonal 

space group (P63/mmc, #194 ) 105, reflections where 𝑙 is odd may be systematically 

absent if there is a screw axis or glide plane parallel to the c-axis 116.  

Thus, the surface of the single crystal prism consistently exhibits a 2H (δ-FAPbI3) 

configuration, at least to the depth penetrated by the X-rays. This is further supported 

by Figure 4.2, which shows the X-ray diffraction (XRD) patterns of the crystal ground 

into powder before and after annealing 117, 118. The consistency between these patterns 

and the simulated diffraction data for δ- and α-FAPbI3 indicates that this anti-solvent 

growth method produces phase-pure δ-FAPbI3. Furthermore, this prism can be 

completely transformed into the α-FAPbI3 undergoing a standard annealing process. 
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Figure 3. 2 Powder X-ray diffraction (PXRD) patterns of prism ground into powder. 

(a) yellow prism, (b) black prism, compared with the simulated diffraction pattern. 

3.3.2 Epitaxial 𝛅-FAPbI3 thin film 

We prepare epitaxial δ-FAPbI3 thin films as large as a few millimeters, using the anti-

solvent-assisted space-confined method at ambient temperature (see details in Figure 

3.3).89   
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Figure 3. 3 Synthesis protocol of epitaxial δ-FAPbI₃ thin films using a combination of 

space-confined and antisolvent methods, and optical images of a film before and after 

annealing. 

A uniform thickness of 50-100 nm can be achieved with only a few nm surface 

roughness as measured by profilometry and atomic force microscopy (Figure 3.4).  
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Figure 3.4 (a) AFM height map of a 𝛅-FAPbI3 thin film. (b) Height profile along the 

red arrow in A, showing a surface roughness (Ra) of 3.32 nm. (c) Profilometry thickness 

measurement, with the inset optical image indicating the scan direction over the sample. 

(d) Rocking curve measurement on 10𝟏̅0 diffraction with full width at half maximum 

(FWHM) ~ 0.222°. 

XRD evinces the high-purity δ-phase with single-crystal structure (P63/mmc, #194)105 

oriented along the {101̅0} plane normal (yellow curve in Figure 3.5a), which has been 

verified by electron diffraction in the inset. The high crystalline quality of the films is 
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further evidenced by rocking curve measurement (Figure 3.4d), showing the narrow 

peak width comparable to bulk single crystals grown by inverse temperature 

crystallization (ITC) approach.119, 120 Such large-scale single-crystal thin films can be 

transferred onto TEM grids, allowing the investigation of the phase transition behavior 

using both optical and electron microscopy at multiscale.  

 

Figure 3.5 (a) Ex situ XRD of a FAPbI₃ thin film before (yellow) and after (red) 

annealing at 160 ℃, showing δ-to-α phase transition as indicated by the reference XRD 

at the bottom. Insets: electron diffraction patterns taken from corresponding samples. 

(b,c) PLM on a FAPbI₃ thin film (b) before and (c) after annealing, showing δ-to-α  

phase transition at the upper-right corner. (d-f) Confocal PL mapping on a δ-to-α 

transition front with (d) the optical image, (e) PL intensity map from the same region, 
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and (f) PL (brown) and image intensity (blue) profiles along the red dotted arrows in (e) 

and (d), respectively, with the position of the boundary indicated by the cyan arrow.  

By annealing the δ-FAPbI3 films in N2 atmosphere, δ-to-α  phase transition occurs as 

indicated by the dominant α-FAPbI3 (Pm3̅m, #221)121 signal from XRD (red curve in 

Figure 3.5a). With the isotropic structure, α-FAPbI3 appears dark under polarized light 

microscopy (PLM), which can be distinguished from the anisotropic δ-FAPbI3 that 

appears bright (Figure 3.5b and Figure 3.6).  

 

Figure 3.6 Illustration of the PLM mechanism on distinguish 𝛅/𝛂 FAPbI3
122: (a,b) 

Schematics showing (a) unchanged light polarization direction from an isotropic 

specimen, resulting in extinction in PLM, and (b) polarized light separation into 
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ordinary (O) and extraordinary (E) rays from an anisotropic material, showing no 

extinction in PLM. (c,d) Atomic structure of (c) isotropic 𝛂-FAPbI3 and (d) anisotropic 

𝛅-FAPbI3 with a single optical axis along the <0001> direction. 

This contrast interpretation has been explicitly confirmed by photoluminescence (PL): 

the dark area exhibits the characteristic α-FAPbI3 signal at ~800 nm, whose intensity 

diminishes across the boundary towards the bright δ-FAPbI3 regions (Figure 3.4e, f and 

Figure 3.7).  

 

Figure 3.7 (a) Confocal PL map with the selected area highlighted. (b) Corresponding 

PL spectra for the indicated areas in a. 

Compared to the normal optical image in Figure 3.4d, PLM offers substantially 

enhanced contrast that can be utilized to track the phase transition dynamics using in 

situ heating. As shown in Figure 3.8a, the dark α-FAPbI3 phase nucleates at the lower-
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left corner, reflecting heterogeneous nucleation, and preferentially propagates along the 

<0001> direction. The stark contrast between the pristine and transformed regions 

suggests that phase transition happens through the whole thickness along the <101̅0> 

direction, forming sharp boundaries between the two regions without overlapping (also 

seen in Figure 3.4c). The dark α-FAPbI3 regions propagates continuously and gradually, 

indicating that δ-to-α phase transition is achieved through atom diffusion (or diffusional 

transformation) instead of collective structure transformation (or displacive 

transformation).123 Using the fraction of α-FAPbI3 area to indicate the transition 

progress, it consistently exhibits the exponential increase with time at various 

temperatures, with the faster increase at higher temperature as shown in Figure 3.8b. 

This transition behavior can be described by the Johnson-Mehl-Avrami (JMA) model:38 

𝑥(𝑡) = 1 − 𝑒𝑥𝑝⁡[−(𝑘0 𝑒𝑥𝑝 (
−𝐸𝑎

𝑅𝑇
) 𝑡)𝑛]                   (1) 

where Ea represents the activation energy, R is the gas constant, n is the growth exponent, 

𝑘0⁡ is the rate constant prefactor, and x corresponds to the transition state represented 

by the α-FAPbI3 area fraction. The three curves measured at different temperatures in 

Figure 3.8b enable the derivation of Ea for δ-to-α transition to be ~1.475 eV (see 

Section 3.3.3). We note that this Ea value is comparable to the reported activation 

energy for polycrystalline FAPbI3 thin films (~1.814 eV)39, but higher than what has 

been reported for 1D FAPbI3 microwires (~0.84 eV).40 Despite the dimension 
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difference, the latter work also used the simple fitting with an Arrhenius function, which 

is different from the dedicated JMA model adopted here for diffusional 

transformation.124 

The observed δ-to-α  transition in Figure 3.8a is dominated by <0001> propagation, 

consistent with the work by Lai et al. that demonstrated the preferential growth of δ-

FAPbI3 nanowires and the preferential δ-to-α phase transition both along <0001>.40 The 

measured average propagation rate along <0001> is ~3.18 μm/s that is also remarkably 

close to their measured rate (~3 μm/s at 163 ºC) on 1D microwires. Such preferential 

phase propagation has been attributed to the face-sharing PbI6 octahedra along <0001> 

in δ-FAPbI3, which should transform into corner-sharing octahedra during δ-to-α 

transition. On the other hand, due to the limited dimension of their microwires, only 1D 

phase transition behavior was studied.40 In contrast, our FAPbI3 thin films allow us to 

investigate the anisotropic phase transition along different directions, such as the much 

slower propagation of α-FAPbI3 along the perpendicular <12̅10> direction (~0.22 μm/s). 

The difference in the propagation speeds leads to stair-like transition front with shorter 

steps along <12̅10>, as observed at the late stage of transition (Figure 3.8a). Beam 

effect analysis on our δ-FAPbI3 films also reveals higher stability of {12̅10} stacking 

ordering than {0002} (see Section 3.3.4). The relatively unstable {0002} stacking may 

facilitate the phase transition to α-FAPbI3, resulting in the preferential propagation of 
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transition front along <0001>. To better understand such anisotropic transition behavior, 

we further measure the area propagation rates along both <0001> and <1 2̅ 10> 

directions and derive the corresponding Ea values based on the JMA model. As shown 

in Figure 3.8c, Ea is ~1.439 eV along <0001> and ~1.658 eV along <12̅10>, explaining 

the preferential phase transition along <0001>. To our best knowledge, this is the first 

measurement of anisotropic activation energies for δ-to-α FAPbI3 phase transition.  

 

Figure 3.8 (a) Time-series PLM images showing δ-to-α phase transition induced by in 
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situ annealing at 170 °C. (b) Measured α-FAPbI3 area fraction as functions of annealing 

time at 150, 170, and 180 °C, respectively. (c) Derivation of activation energies for δ-

to-α phase transition along <0001> and <1𝟐̅10> based on the JMA model (see section 

3.3.3). 

It is noted that XRD in Figure 3.5a reveals the preferential orientation of the 

transformed α-FAPbI3 along the {001} plane normal. It indicates the orientation 

relationship of <10 1̅ 0>δ//<001>α, which does not follow the typical basal-type 

hexagonal-to-cubic transition (<0002>H//<111>C, {1 2̅ 10}H//{110}C , and 

{10 1̅ 0}H//{211}C) or the prismatic-type transition (<0001>H//<001>C and 

{101̅ 0}H//{11̅ 0}C).125-127 We further explore the orientation relationship using 4D-

STEM with spatially-resolved diffraction across the transition front between δ and α 

phases. A special low-dose condition is used with minimized beam effect on FAPbI3 

(see Method, Supporting Information). Figure 3.9e is the dark-field image generated 

using 0002 diffraction, which shows dark α-FAPbI3 on top and bright δ-FAPbI3 at the 

bottom. δ-FAPbI3 is oriented along <101̅0> (Figure 3.9b) while α-FAPbI3 is oriented 

along <001> (Figure 3.9c), consistent with the orientations detected by XRD. The two 

phases are well separated by the sharp transition front, with no overlap identified on 

either side, confirming the complete phase transition through the whole thickness (also 

see Figure 3.11). The longest transition front is along {12̅10}δ in parallel with {210}α  
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(yellow lines in Figure 3.9a), consistent with the preferential propagation along the 

<0001>δ direction. Perpendicular to <0001>δ, the transition front consists of a few 

segments with various orientations. Some segments show well-defined orientation 

relationship (i.e., {0002}δ//{120}α  for the red lines) while others do not (blue and cyan 

lines in Figure 3.9a), showing rather complicated transition behavior between δ- and 

α-FAPbI3. Interestingly, despite the orientation variations, the majority of the transition 

front is aligned with {210}α, suggesting that they are habit planes of α-FAPbI3 with 

lower δ/α  interfacial energy. Due to the susceptible nature of FAPbI3, we cannot 

achieve atomic-resolution imaging at the transition front to reveal the interfacial 

structure. On the other hand, even for the rational interfaces with <101̅0>δ//<001>α, 

{1 2̅ 10}δ//{210}α, and {0002}δ//{120}α, we cannot find the way to form coherent 

interfaces between δ- and α -FAPbI3.  

The incoherent δ/α-FAPbI3 interfaces have been proposed by Lai et al., who observed 

the same orientation relationship of <101̅0>δ//<001>α as our work. Howe et al. have 

considered the incoherent interfaces to be like high-angle grain boundaries, which may 

form liquid-like interfaces at high temperature.128 The liquid-like interfaces have been 

shown to facilitate the ion diffusion and the underpinned phase transition, as 

demonstrated by molecular dynamics simulations on CsPbBr3.
30 Such incoherent 

interfaces also implies rather low interfacial energy between δ- and α-FAPbI3, so that 
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the transition behavior should be dominated by the surface energy that leads to {001}-

terminated α-FAPbI3.
129 The preferred {001}-termination for α-FAPbI3 has been 

reported by many works,130-133 indicating its lower surface energy. This has been 

explicitly verified by density functional theory (DFT) calculations showing lower 

surface energy for both {001} and {210} planes (Figure 3.9d), which explains the 

observed <001>-oriented α-FAPbI3 with {210}–dominant habit planes at the transition 

front.  
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Figure 3.9 (a) PLM image showing a transition front between the colored δ-FAPbI3 

and black α-FAPbI3. (b,c) Diffraction patterns from 4D-STEM showing (b) <1𝟏̅00> 

and (c) <001>  zone axes for α- and δ-FAPbI3, respectively. (d) DFT calculation on 

surface energies of α- and δ-FAPbI3. (e) Dark-field image reconstructed using 0002 

diffraction, showing the morphology of the transition front with the orientation 
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relationship labelled in different colors. The upper-right inset is a diffraction pattern 

across the red boundary, showing the overlap of two phases with <10𝟏̅0>δ//<001>α, 

{1𝟐̅10}δ//{210}α, and {0002}δ//{120}α, as illustrated by the schematic on left. 

Careful inspection on the PL map in Figures 3.5d-f reveals a decrease of PL intensity 

inside α-FAPbI3 near the transition front, which suggests the presence of defects acting 

as the non-radiative recombination centers. This has been explicitly confirmed by 4D-

STEM at the transition front: as shown by the reconstructed bright-field image in 

Figure 3.10b, α-FAPbI3 adjacent to the transition front exhibits high-density dark lines 

along <110>, corresponding to planar defects such as stacking faults and twin 

boundaries. Planar defects have been identified along {111} in α-FAPbI3,
26, 27 whose 

intersection with {001} is indeed along <110>,134 consistent with the observed dark-

line contrast in Figure 3.10b. Such high-density planar defects break the long-range 

order perpendicular to the line direction, leading to the broadening of diffraction peaks 

along <11̅0> that has been observed in 4D-STEM diffraction patterns (lower-right inset 

of Figure 3.10c). Using the width of 020 diffraction along <11̅0> to reflect the defect 

density (or the degree of disorder), Figure 3.10c clearly unveils an increase of defect 

density in α-FAPbI3 towards the transition front. Since planar defects especially 

stacking faults have been identified as the deep recombination centers in α-FAPbI3,
27 
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their increased density explains the reduced PL intensity near the transition front.  

Observation in Figure 3.10 evinces that the initially formed α-FAPbI3 near the 

transition front is highly defective with lower crystallinity. In particular, {111} planar 

defects such as stacking faults and twin boundaries change the local {111} stacking 

from A-B-C-A-B-C (cubic) to A-B-A-B (hexagonal), and can be considered as the 

intergrowth of δ phases within α-FAPbI3. It is thus not a surprise to see such high-

density planar defects near the transition front, which may serve as an intermediate state 

that is typically observed during the basal-type hexagonal-to-cubic transition.135-137 On 

the other hand, with the observed orientation relationship distinct from the basal-type 

transition, such planar-defect-facilitated phase transition should be accompanied by the 

reorientation or even recrystallization process, which reorients the formed α-FAPbI3 to 

<001> with minimized surface energy. With further annealing, the initially formed 

defective α-FAPbI3 will develop better crystallinity with reduced defect density, as 

reflected by much narrower diffraction peak width farther away from the transition front 

(Figure 3.10c), while the defective transition front further propagates into δ-FAPbI3 to 

continue the phase transformation.  
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Figure 3.10 (a) Dark-field image reconstructed using 0002 diffraction, showing the δ-

to-α transition front along the dotted line. (b) Reconstructed bright-field image from 

the same region as (a), showing high-density planar defects in the newly formed α-

FAPbI3 near the transition front. (c) Measured 020 diffraction peak width along the red 

arrow in (b), showing increased defect density towards the transition front. The initial 

and final diffraction patterns are shown in the insets. 

3.3.3 Kinetics analysis using JMA model 

Analysis of kinetics of solid-state phase transformation relies on the precise 

determination of reaction fraction.38 Here transformation fraction xt is defined as the 

over-time phase transition area of α-FAPbI3 (At as measured from in situ heating PLM) 

normalized by the total observation area xt = At/Atotal. Such 2D area fraction can 

represent 3D volume fraction if the transformation happens thoroughly along the 

thickness that is <100 nm. This has been confirmed by 4D-STEM as shown in Figure 

3.11: with the scan step ~94 nm, a sharp transition front can still be identified, with 
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overlapped diffraction from the two phases only observed at one position. With much 

lower resolution in PLM images, it is thus reasonable to assume a sharp transition front 

with complete phase transition through the whole thickness. Single nucleation is 

selected in all experiments, so the kinetics reflect the crystal growth process solely 

without considering the nucleation rates. 

 

Figure 3.11 (a) Reconstructed dark-field image using 001 diffraction showing the δ-to-

α transition front in FAPbI3. (b) Selected 5x3 scan region across the transition front. (c) 
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Corresponding electron diffraction patterns at each scan position, where the radius of 

the circles represents 1/d100. 

In this work, we employ the isothermal derivation of JMA equation performed by 

Mittemeijer et al: 138  

𝑙𝑛(𝑡𝑥2 − 𝑡𝑥1) =
𝐸𝑎
𝑅𝑇

− 𝑙𝑛𝑘0 + 𝑙𝑛⁡(𝛽𝑥2 − 𝛽𝑥1) 

where txn represents the time at which the transformation fraction xn is achieved, and βxt 

is a state property corresponding to the transformation fraction xt in this study. Other 

parameters are the same as the equation (1) in the main text. This equation allows us to 

derive the activation energies Ea using the plot in Figure 3.8c. In particular, by 

separating and extracting the transformation rates along the <0001> and <1 2̅ 10> 

directions, we can derive the anisotropic Ea values along the two directions. It’s worth 

noting that the measured transformation rate along <0001> based on our observation 

(~3.18 μm/s) is very close to the reported results from Lai et al (~3 μm/s).40  

Figure 3.12 plots the transformation fraction data along with the derivation of the 

growth exponent n from the JMA equation (1): ⁡𝑙𝑛(− 𝑙𝑛(1 − 𝑥)) =

𝑙𝑛 (𝑘0𝑒𝑥𝑝 (
−𝐸𝑎

𝑅𝑇
)) + 𝑛𝑙𝑛(𝑡). It yields n ~2.09 at 150℃ and ~2.12 at 170℃ respectively. 

In contrast to n = 3 for typical isotropic phase transformations, n ~ 2 here is attributed 

to the slow transition rate along <12̅10>, which leads to 2D growth along the other two 
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orthogonal directions (<0002> and <101̅ 0>). It unambiguously demonstrates the 

anisotropic phase transition in our epitaxial FAPbI3 thin films.139  

 

Figure 3.12 Estimation of the growth exponent n from the plot of the δ-to-α phase 

transition at 150 °C and 170 °C. 

3.3.4 Beam effect analysis on stacking stability of {1𝟐̅10} and 

{0002} 

Beam effect on δ-FAPbI₃ films was examined with continuous exposure of electron 

beam until dose accumulates to ~11 e/Å². With increasing electron dose, 0002 and 12̅10 

diffraction signals exhibit distinct behavior. As shown by the intensity profiles in 

Figure 3.13a, intensity of 0002 diffraction decreases rapidly to 82% at ~11 e/Å², while 
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12̅10 diffraction shows a steady response without significant changes. Notably, at this 

electron dose, no additional diffraction spots or positional shifts of existing diffraction 

was observed. This is consistent with the work done by Yang et al. who derived a critical 

dose of approximately 12.6 e/Å² in their beam effect study on α-FAPbI₃.92  

Figure 3.13b plots the relative peak width of 0002 and 12̅10, showing the elongation 

of 0002 diffraction but not for 12̅10. It is also inline with the observation of Yang et al., 

who identified more stacking faults induced by the electron dose ranging from 2.1 to 

16.8 e/Å² along <111> in α-FAPbI₃, which corresponds to <0001> in our δ-FAPbI₃.92. 

Our observation clearly indicates the relatively unstable {0002} stacking compared 

with {12̅10} stacking, which may promote FAPbI₃ phase transition preferentially along 

<0001>.  

 

Figure 3. 13 (a) Normalized intensity of 1𝟐̅10 and 0002 diffraction as a function of 



 

75 

accumulated electron dose. The inset shows the diffraction patterns captured at the 

initial (left) and final (right) stages of beam exposure. (b) Measured 0002 and 1𝟐̅𝟏𝟎 

peak width along <0001> and <1𝟐̅𝟏𝟎> respectively. 

3.4 Conclusion 

In summary, we have combined multiscale microscopy with in situ heating to directly 

observe the anisotropic behavior of δ-to-α phase transition in FAPbI₃ thin films. Our 

findings show that α-FAPbI3 nucleates heterogeneously upon heating, followed by a 

diffusional transformation that preferentially propagates along the <0001> direction, 

which is underpinned by the lower activation energy along the face-sharing direction 

of PbI6 octahedra. 4D-STEM further unveils the morphology and orientation 

relationship at the δ-to-α transition front, indicating the incoherent δ/α interfaces with 

potentially lower interface energy. The orientation of the transformed α-FAPbI3 is thus 

determined by the surface energy that favors <001>-oriented α-FAPbI3. We have also 

identified high-density planar defects in newly formed α-FAPbI3 near the transition 

front, which appears to be an intermediate state promoting the δ-to-α transition. Our 

work not only deepens the understanding of the δ-to-α phase transition mechanism in 
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FAPbI3, but also demonstrate a powerful approach combining in situ PLM and 4D-

STEM to probe various phase changes in hybrid perovskites at multiscale. 
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Chapter 4 Polycrystalline perovskite thin film 

degradation 

4.1 Introduction 

FAPbI3-based perovskites have been achieving remarkable outcomes, primarily 

attributable to their exceptional optoelectronic properties and suitable bandgap. 

However, materials based on FAPbI3 hybrid perovskites often suffer significant 

degradation, transitioning from the black (α) phase to the yellow (δ) phase, which 

consequently leads to device failure. This degradation process is reported to be 

accelerated when exposed to moisture, and illumination.43, 44, 140, 141 Nevertheless, the 

degradation process and its elucidation at the structural level remain inadequately 

explored. Grain boundaries function as structure defects,43, 142 while planar defects also 

significantly facilitate dislocation movement, as reported in alloy perovskite oxide 

materials.45, 143 In the realm of TEM characterization for perovskites, the methodologies 

employed for sample preparation, such as direct spin coating onto TEM grids,144 do not 

entirely reproduce the morphological characteristics of FAPbI3 as observed during 

device fabrication. This discrepancy is primarily attributed to the influence of the 

substrate on the nucleation and subsequent growth processes of the perovskite 
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crystals.145 

In this study, we refined the preparation methodology for perovskite TEM samples, 

yielding free-standing specimens that emulate the growth environments seen in actual 

device configurations. Moreover, the research conducted a detailed analysis of stacking 

faults and their association with degradation under exposure to illumination and 

moisture. This advancement clarifies the phase transition from α- to δ-FAPbI3 and is 

poised to significantly aid further research into this versatile material. 

4.2 Material preparation and characterization 

4.2.1 Precursor preparation 

For FAxMA(1-x)PbI3, the precursor solutions were fabricated by dissolving 0.4 M FAI, 

0.4(1-x) M MACl, and 0.4 M PbI2 in the mixed solvent of DMF: DMSO=4:1. PTAA 

solution is obtained by dissolving 30 mg PTAA in 1ml chlorobenzene. All solutions 

were stirred overnight and filtered by a 0.2 𝜇𝑚 filter before further use.  

4.2.2 Device fabrication 
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30 mg/ml PTAA (served as sacrifice layer) was deposited onto UV-ozone treated ITO 

substrate by spin coating at a rate of 3500 rpm for 30 s with a ramping speed of 2000 

rpm s-1 and then annealing at 100 ℃ for 10mins. Before perovskite deposition, 50 𝜇𝑙 

DMF was dropped onto PTAA/ITO, stayed stationary for 30 s to enhance wettability, 

and followed up with spin coating at 1000 rpm to remove the DMF solution.  

The perovskite precursor solution was deposited onto the PTAA-coated ITO substrate 

through a two-step program at 1000 rpm for 10s with a ramping rate of 500 rpm s-1 and 

6000 rpm for 35 s with a ramping rate of 3000 rpm s-1, 75 𝜇𝑙 CB was flushed onto the 

surface of perovskite at 10s from the end of spin coating. The sample was then 

transferred onto a hotplate and annealed at 100 ℃; the temperature was then elevated 

to 150 ℃ at a rate of 10 ℃ /min and kept annealing for 60 mins. 

4.2.3 Free standing TEM sample preparation 

As obtained perovskite/PTAA/ITO was rinsed by 200 𝜇𝑙 CB for 2 mins to dissolve 

the PTAA layer. 30 𝜇𝑙 of perovskite/CB was then dropped onto the surface of the 

TEM copper grid (without any coating). The sample was kept stationary inside the 

glove box chamber under a vacuum condition for 30 mins to obliterate the remaining 

solvent. The sample was transferred from the glove box to the TEM room inside a 

sealed container filled with inert gas. Sample loading time was strictly controlled within 
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2 mins. Thickness of perovskite layer can be adjusted by tuning perovskite precursor 

concentration from 0.32 M to 0.47 M. A blade was used to eliminate the near boundary 

region of perovskite/PTAA/ITO slice before CB washing.  

4.2.4 Ex-situ TEM  

The prepared free standing perovskite thin film TEM sample was encapsulated within 

a desiccated environment prior to its transfer to the analytical chamber of the Jeol-

2100F electron microscope, which functions at an accelerating voltage of 200 kV. The 

transfer duration was stringently limited to a maximum of two minutes to curtail 

exposure to environmental contaminants. Data acquisition for SAED and TEM was 

executed with the sample maintained in a fixed orientation to ensure uniform and 

dependable imaging throughout the investigative procedures. 

4.2.5 Ex-situ XRD and in-situ XRD 

Ex-situ XRD measurements were performed using a Rigaku SmartLab, which features 

a 9-kW source and operates at a wavelength of approximately 1.54 Å. The system’s 

one-dimensional detector design, paired with a rotatable substrate, facilitated 

comprehensive in-plane and out-of-plane analyses. Before executing the θ-2θ scans, 

precise optical alignments and adjustments to the sample height were made to correct 
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any omega offsets and to enhance the clarity of the signal contrast. The sample on TEM 

grid and ITO/PTAA are measured using θ-2θ method. 

In-situ annealing XRD was performed on a single crystal prism using a Rigaku 

SmartLab, which is outfitted with a two-dimensional detector and a precise temperature 

control system. The temperature of the prism was varied from room temperature to over 

150℃, employing the θ-2θ method, and tests were executed under conditions of both 

vacuum and normal atmospheric pressure. 

4.3 Results and discussion 

In our investigation of the structural characteristics of as-grown FAxMA1-xPbI3 devices 

through TEM, we implemented an advanced method for the preparation of perovskite 

TEM samples, diverging from the conventional practice of direct spin-coating onto 

carbon-coated TEM grids. This method is informed by prior research into perovskite 

buried interfaces.146 Our protocol involved the deposition of a substantial PTAA layer 

onto an ITO substrate via spin-coating, followed by the subsequent application of the 

perovskite layer. The precursor concentration of the perovskite was regulated to achieve 

a target film thickness of approximately 150 nm, verified using a surface profiler. Post-

deposition, the sample underwent a rinsing process with CB, which facilitated the 
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detachment of the perovskite layer, enabling it to float on the solvent surface. This film 

was then carefully transferred onto a pristine TEM copper grid (Figure 4.1). This 

technique not only guarantees a consistent foundation for perovskite crystal growth—

leveraging PTAA, a prevalent hole transport layer in inverted perovskite solar cells,147, 

148 but also employs CB, a conventional anti-solvent for FAxMA1-xPbI3 that does not 

compromise the structural integrity of the perovskite. 

 

Figure 4. 1 Illustration of free-standing FAxMA1-xPbI3 TEM sample preparation 

Numerous stacking faults exhibit in the polycrystalline FAPbI3 film without additives, 

reflecting in continuous streak toward <111>α (Figure 4.2a). In contrast, the 

introduction of 20% MA doping led to a diminished presence of these faults, with 

clearly reduced streak along <111>α (Figure 4.2b,d). The nomenclature for twinning in 

relation to the matrix plane in this system can be summarized as follows: 

[𝒈̅𝑻-(- 𝒈̅𝑴)]// 𝑔̅𝑝 → ℎ2 + ℎ1 = 𝑘2 + 𝑘1 = 𝑙2 + 𝑙1 
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And 𝒈̅𝑻 ∙ 𝒈̅𝒑=⁡𝒈̅𝑴 ∙ 𝒈̅𝒑 → ℎ1 + 𝑘1 + 𝑙1 = ℎ2 + 𝑘2 + 𝑙2; thus 

ℎ2 = −ℎ1 +
2

3
(ℎ1 + 𝑘1 + 𝑙1) , 𝑘2 = −𝑘1 +

2

3
(ℎ1 + 𝑘1 + 𝑙1)  and 𝑙2 = −𝑙1 +

2

3
(ℎ1 +

𝑘1 + 𝑙1) 

According to above calculation, twin point was derived as: 

 (111) M  → (111) T; (110) M → (
𝟏

𝟑
  

𝟏

𝟑
  

𝟒

𝟑
 ) T and (001) M → (
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84 

 

Figure 4.2 SAED analysis of polycrystalline FAXMA1-XPbI3 thin films. (a,b) the 

SAED patterns of FAPbI3 along the [1𝟏̅0]α zone axis, highlighting stacking faults. 
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(c,d) depict the SAED patterns for FA0.8MA0.2PbI3 along the same zone axis. (e) 

provides a schematic representation of twin formation in relation to the (111)α 

plane along the [1𝟏̅0]α zone axis. 

Along <111>α direction of α-FAPbI3, the structure adheres to an abc stacking sequence, 

in comparison to ab stacking of δ-FAPbI3 along <0001>δ direction. In a simplified 

model, {111}α twining structure can be explained as:[101̅0] δ// [211̅̅̅̅ ]α, [211̅̅̅̅ 0]δ// [11̅0]α, 

and [0001]δ// [111] α (Figure 4.3a,b). Our empirical data indicate that the minimum 

iodide-iodide distance in the δ-FAPbI3 is approximately 4.273Å, which represents a 

reduction of 5% relative to the α-FAPbI3, illustrating that twin formation is concomitant 

with appreciable lattice distortion. 
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Figure 4.3 The molecular diagrams of α- and δ-FAPbI3, displayed along their 

respective zone axes. (a) [𝟏̅𝟐𝟏̅𝟎]δ// [𝟏𝟏̅𝟎]α. (b) [0001]δ// [111]α. (c) single layer 

atomic distribution of the {111}α and {0001}δ. 

The findings shown in Figure 4.4a demonstrate a marked reduction in the residual δ-

FAPbI3 as MA doping increases. Nonetheless, for MA doping levels below 40%, the 
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residual δ-FAPbI3 persists, identifiable in XRD by the characteristic {101̅0}δ peak. The 

XRD spectra of FAPbI3, FA0.8MA0.2PbI3, and FA0.6MA0.4PbI3, highlighted a coexisting 

peak at 2θ=11.4098° alongside the typical {101̅0}δ peak at 2θ=11.78°. This unexpected 

diffraction was predominantly interpreted as indicative of the hydrate phase of 

FAPbI3.
46 TEM and SAED analysis of 20% MA-doped samples revealed stacking faults 

and an additional diffraction spot between {001}α and {
2

3

̅
,
2

3

̅
,
1

3
}α points, correlating with 

the XRD findings at 2θ=11.4098°. Employing the established crystallographic 

orientation relationship, the simulated SAED data from the [11̅0] α was integrated with 

the corresponding [211̅̅̅̅ 0]δ diffraction. The {101̅0}δ diffraction point slightly shifted 

from the midpoint between {001}α and {
2

3

̅
,
2

3

̅
,
1

3
}α, aligning with the discussions on lattice 

spacing variances between ideal δ- and α-FAPbI3 on the {211̅̅̅̅ }α, {101̅0}δ. Distortion 

of embedded δ-FAPbI3 in order to match α-FAPbI3 lattice leads to an enhancement in 

the lattice spacing of the {101̅0}δ, resulting in the observed peak splitting in XRD. Both 

our XRD and SAED results corroborate this theoretical δ-α embedded structure. To 

further examine whether the XRD observed phenomena are associated with moisture 

interaction, degradation experiments on polycrystalline films were performed under 

high humidity conditions to gather additional experimental evidence. 
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Figure 4.4 Illustration of the α-δ-FAPbI3 heterojunction. (a) presents the XRD 

spectra for FAPbI3, FA0.8MA0.2PbI3, and FA0.6MA0.4PbI3. (b) depict the TEM and 

SAED images for FA0.8MA0.2PbI3, respectively. (c) shows a combined simulated 

SAED pattern featuring [1𝟏̅0]α and [2𝟏𝟏̅̅̅̅ 0]δ zone axis.    

In the conducted degradation experiments, the deterioration of FAPbI3 was accelerated 

through exposure to ultraviolet light and humidity, both factors known to facilitate the 

δ to α phase transition.44, 149 The degradation process of FAPbI3 was monitored by 

tracking changes in peak intensities at 2θ=11.40° and 2θ=11.78°. It was previously 

postulated that the 2θ=11.40° peak corresponds to a fixed-orientation and distorted δ-

FAPbI3. XRD data shown in Figure 4.5a indicated that the intensities of both the 

2θ=11.40° and 2θ=11.78° peaks initially increased with prolonged exposure, suggesting 
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a probable growth of the embedded δ-FAPbI3 due to its greater lattice instability. 

As the experiments progressed, the intensity of the 2θ=11.40° peak gradually 

diminished to zero, signifying the completion of the crystal growth from the embed and 

distorted δ-FAPbI3 and the subsequent alleviation of stress, ultimately leaving no 

residual δ-FAPbI3 signal. This experimental finding challenges the prior assertion that 

the 2θ=11.40° peak was indicative of water hydrates. The findings suggest that water 

preferentially forms a more stable interaction with PbI2, resulting in the formation of a 

non-crystalline compound. This is corroborated by experimental results showing a 

gradual decline in the PbI2 peak, with all FAPbI3 {101̅0}δ peaks stabilizing at 2θ=11.78° 

following the phase transition, even amidst ample water presence.  

Shown in Figure 4.4a, with the increasing MA doping ratio, the embedded δ-FAPbI3 

intensity diminishes, which aligns with the findings presented in Figure 4.2. Even when 

the MA ratio reaches 20%, a residual portion of distorted δ-FAPbI3 persists. 

Consequently, the degradation experiment on FA0.8MA0.2PbI3 was performed to further 

investigate these effects. 
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Figure 4.5 Degradation of FAPbI3 under UV and relative humidity of 88%. (a) 

XRD results of pristine FAPbI3 polycrystal thin film, and under UV and water 

exposure for 0, 15, 27, and 35 minutes, with peak split analysis of the {10𝟏̅0}δ 

peak. (b) change in intensity of the split peak in relation to degradation time. (c) 

XRD of FAPbI3 thin film from 2θ ranging from 10° to 15°, indicating changes 
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in both δ-, α-FAPbI3 and PbI2 diffraction.  

The results of FA0.8MA0.2PbI3 degradation under UV and moisture conditions are 

shown in Figure 4.6, which exhibit consistency with the results of pure FAPbI3. Initially, 

there is an increase in the intensity of the distorted δ-FAPbI3. As the degradation process 

progresses, the intensity of the embedded δ-FAPbI3 diminishes, indicating the 

relaxation of the crystal lattice.  
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Figure 4.6 Degradation of FA0.8MA0.2PbI3 under UV and relative humidity of 

88%. (a) XRD results of pristine polycrystal thin film, and under UV and water 

exposure for 0, 10, 30, and 50 minutes, with peak split analysis of the {10𝟏̅0}δ 

peak. (b) change in intensity of the split peak in relation to degradation time. (c) 

XRD of FA0.8MA0.2PbI3 thin film from 2θ ranging from 10° to 15°, indicating 

changes in both δ-, α-FAPbI3, and PbI2 diffraction.  

The results, integrating TEM and XRD analyses, reveal the formation of degradation 

nucleation in a distorted δ-FAPbI3 formation, previously overlooked in investigations 

of hybrid perovskites. Moreover, this distorted δ-FAPbI3 acts as a potential instability 

factor, serving as a nucleation site that favors transformation during the initial stages of 

the degradation process. In-situ annealing TEM and in-situ annealing XRD were 

conducted to investigate the transformations under vacuum conditions using the 

previously prepared epitaxial δ-FAPbI3 thin film to examine the phase transition 

behavior under low pressure condition. Results depicted in Figure 4.7 show a direct 

transformation of the δ-FAPbI3 into PbI2 at elevated temperatures, indicating that the 

vacuum conditions altered the thermodynamic behavior of the δ to α phase transition 

due to the volatile characteristics of the organic component.150   
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Figure 4.7 In-situ annealing XRD performed on epitaxial δ-FAPbI3 thin film 

under a vacuum condition (<10-5 torr). The temperature was increased from room 

temperature to 180°C. 

The in-situ annealing TEM experiment, as depicted in Figure 4.8, confirms the direct 

decomposition of FAPbI3. Initially aligned along the [101̅0]δ zone axis, the sample post-

annealing exhibited a diffraction pattern similar to those observed in electron beam 

damage experiments. Notably, the intensity of the {0002}δ diffraction point decreased, 

transitioning to a smaller d-spacing at diffraction point 'a'. Moreover, an additional 
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diffraction point, at double the d-spacing of point 'a' and denoted as point 'b', emerged, 

as highlighted in Figure 4.8d. These changes are indicative of the formation of distorted 

PbI2. In contrast, the 211̅̅̅̅ 0δ point remained stable in position, albeit with a reduced 

diffraction intensity.    

 

Figure 4.8 In-situ annealing TEM on a single crystal δ-FAPbI3 thin film at a 

temperature of 150°C. (a,c) TEM image of the sample before and after annealing. 

(b,d) SAED of the sample before and after annealing at 150°C. (inset) enlarged 
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electron diffraction pattern of the area highlighted by the blue dashed box. 

4.4 Conclusion 

This investigation elucidates the degradation mechanisms of FAPbI3, including its MA-

doped derivatives, under ultraviolet radiation and moisture exposure. Advancements in 

the fabrication methods for hybrid perovskite TEM samples enabled the generation of 

specimens suitable for extensive TEM analysis, closely simulating the growth 

conditions typical of device architectures. Subsequent analytical evaluations identified 

the simultaneous presence of distorted δ-FAPbI3 embedded within a α-FAPbI3 matrix. 

Degradation studies indicated that the embedded δ-FAPbI3 act as nucleation centers for 

degradation processes, with these signals dissipating upon the completion of 

degradation. Moreover, it was observed that under vacuum conditions, FAPbI3 does not 

transition from δ to α phases. Instead, akin to alterations induced by electron beam 

exposure, FAPbI3 decomposes directly into PbI2, highlighting that modifications in 

ambient pressure critically influence the dynamics of phase transitions. 

These findings elucidate the structural morphology of residual δ-FAPbI3 and their 

consequential impact on the degradation processes of perovskite materials. This 

knowledge provides critical insights and methodological advancements that are pivotal 
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for refining perovskite compositions and enhancing the analytical capabilities of TEM 

in future studies. 
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Chapter 5 Conclusions and future work 

5.1 Summary of work 

The investigation of phase transitions in hybrid perovskites, particularly FAPbI3, is 

increasingly recognized as critical for enhancing material properties and elucidating 

unique phenomena. In this dissertation, the research emphasis is placed on synthesizing 

high-quality epitaxial δ-FAPbI3 thin films, coupled with in situ observations of phase 

transformations, detailed kinetic studies, and mechanistic elucidations. Additionally, 

this work examines the degradation processes observed in polycrystalline FAPbI3 thin 

films fabricated under conventional device conditions. Drawing on both in-situ and ex-

situ experimental observations, the study rigorously examined the anisotropic phase 

transition of δ- to α- FAPbI3 and explored its association with the emergence of intra-

grain defects. Additionally, crystallographic analyses across the interphase interfaces 

were conducted, offering detailed insights into the underlying mechanisms of this 

distinctive phase transition. 

Initially, the synthesis of single crystal δ-FAPbI3 prism was conducted using an 

antisolvent crystallization methodology, employing GBL as the solvent and CB as the 

antisolvent. Comprehensive characterization of these crystals was performed using 
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XRD with an adjustable platform and steady-state PL analysis. This approach 

consistently produced pure prismatic single crystals δ-FAPbI3 (yellow). Upon annealing 

these crystals at temperatures above 150°C, a transformation into the δ-FAPbI3 (black) 

was observed. Following the successful synthesis of single-crystal δ-FAPbI3, 

refinements were made to the synthesis protocol by incorporating additional pressure 

within a space confined environment. This modification significantly enhanced the 

capability for large-scale fabrication of single-crystal δ-FAPbI3 thin films, specifically 

oriented along the [101̅0]δ crystallographic direction. 

Secondly, leveraging the distinct crystallographic structures of the δ- and α- FAPbI3, in-

situ polarized optical microscopy was employed. This technique effectively delineated 

the dynamic phase transitions between these two phases during annealing, facilitating 

continuous observation of the structural transformations. With the crystallographic 

orientations of the thin films accurately determined, dynamic analyses were conducted 

at various annealing temperatures. The JMA model was applied to calculate the 

activation energies for phase transitions oriented towards the <12̅10>δ and <0001>δ 

directions, respectively. The results indicated that the phase transition was more readily 

initiated in the <0001>δ direction. The Avrami exponent of n was calculated to be near 

2, combining with this manifestation of sporadic nucleation underscores the anisotropic 

nature of the phase transformation from δ- to α-FAPbI3, aligning with the observed 



 

99 

images of phase transition. Following the initial confirmation of the anisotropic phase 

transformations, further investigation was performed by confocal PL mapping near the 

transition front, which contains numerous recombination centers near the front 

compared to earlier transformed regions. 

Thirdly, the single crystal δ-FAPbI3 thin film, initially grown on a SiO2 substrate, was 

transferred onto a TEM grid using PS and subsequently cleaned by rinsing with CB. 

TEM analysis of the prepared sample confirmed the exclusive presence of the δ-FAPbI3 

oriented along the [10 1̅ 0]δ zone axis, with no impurities detected. Subsequently, 

transition fronts were examined using 4D-STEM and the electron dose was controlled 

at extremely low level (~1.57 e-1/Å2) to prevent beam effect damage. This examination 

revealed that the distribution of intragrain defects, identified by numerous streaks along 

<001>α direction, was near the transition front. Additionally, amorphous degree 

analysis based on the diffraction patterns from the same position suggested a decrease 

in degree of crystallinity along the <12̅10>δ direction, was consistent with observation 

of confocal PL. This study also investigate on the crystallographic relationships across 

the transition front, the rational interfaces<101̅0>δ//<001>α, {12̅10}δ//{210}α combined 

with DFT calculation on surface energy of δ- and α-FAPbI3, we elucidate that the phase 

transition was dominated mostly by surface energy other than interface energy.. 

Additionally, the stability of the single crystal δ-FAPbI3 under electron beam exposure 
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was assessed. The experiments revealed accelerated degradation of the {0002}δ plane, 

with significant structural collapse at an electron dose of approximately 72.2 e-1/Å2. In 

contrast, the {12̅10}δ lattice demonstrated enhanced stability during electron irradiation, 

confirming the faster transition rate along <0001> direction due to the reconstruction 

nature of this phase transition. This work not only deepens the understanding of the δ-

to-α phase transition mechanism in FAPbI3 but also demonstrate a powerful approach 

combining in situ PLM and 4D-STEM to probe various phase changes in hybrid 

perovskites at multiscale. 

Lastly, the degradation of FAPbI3 polycrystalline thin films under ultraviolet and 

moisture environment was systematically evaluated through the integrated application 

of XRD and TEM coupling with SAED. The preparation of TEM specimens was 

conducted by an innovative method, wherein FAPbI3 was initially deposited onto a 

PTAA, subsequently rinsed and extracted using CB. XRD results elucidated a peak split 

in the residual {10 1̅ 0}δ diffraction within both FAPbI3 and the mixed-cation 

formulation FA0.8MA0.2PbI3. These findings were substantiated by TEM and SAED, 

which demonstrated a distortion of the δ-FAPbI3 embedded within a α-FAPbI3, 

preserving a basal orientation relationship. This phase distortion acts as the initial 

nucleation site for degradation, ultimately transitioning to a liberated δ-FAPbI3 at the 
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conclusion of the degradation process as elucidated by ex-situ XRD measurements 

conducted under conditions of illumination and moisture exposure. 

Surprisingly, our findings demonstrate the direct formation of phase-pure α-FAPbI3 

with preferential orientation along the [001]α direction, achieved simply by annealing 

epitaxial δ-FAPbI3 without the need for additives or controlled atmosphere. This 

discovery holds significant implications, not only for fundamental mechanistic studies 

but also for practical applications in perovskite device fabrication. This study has 

advanced the understanding of the phase transition process in FAPbI3 and introduced a 

promising methodology for investigating hybrid perovskites.  

5.2 Future work 

5.2.1 Synthesis of single crystal α-FAPbI3 thin film 

In this section, we plan to extend our approach by employing space-confined multiple 

inverse temperature annealing at elevated temperatures for the synthesis of single-

crystal α-FAPbI3 thin film. This will be achieved by inserting a small volume of 

supersaturated FAPbI3 precursor into the center of the same setup, placing it into a 

furnace with an N2 atmosphere, and gradually elevating the temperature to allow for 

the formation of α-FAPbI3. 
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5.2.2 Degradation of single crystal α-FAPBI3 thin films 

In-situ gas-phase TEM experiments based on single crystal thin films can provide 

definitive crystallographic orientation information and more observable positions. 

Therefore, we will conduct in-depth studies on the gas-phase (H2O) degradation of 

FAPbI3 using in-situ TEM techniques as well as polarized optical microscopy. 

5.2.3 Low-dose high resolution imaging 

Further investigation at atomic resolution will be conducted to elucidate the transition 

front mechanism, which is expected to provide deeper insights and advance this 

research field. 

5.2.4 Mixed halide and cation system  

Beyond pure FAPbI3, our synthesis method is adaptable to mixed halide/cation 

perovskites by optimizing the formulation, enabling studies of structural evolution and 

photovoltaic applications.  
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