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Abstract 

Perovskite solar cells (PSCs) have demonstrated a breakthrough in power conversion efficiency 

(PCE), making them the fastest developing solar cell technology in history. The highest 

efficiency of PSCs up to 25.5% reported in 2021 is already rivalling the best of Si solar cells.[1] 

However, the commercialization of PSCs faces two major challenges: the instability of the 

perovskite layer and the toxicity of lead. Furthermore, the exact mechanism behind their 

tremendous increase in efficiency and outstanding optical properties remains unclear. 

Especially, the atomic structure and microstructure of hybrid metal halide perovskite layers are 

also not well understood yet. 

Recently, several inorganic cations (Rb, Cs) have been incorporated into the mixed-

halide perovskite materials to improve the stability of PSCs. Nonetheless, the underlying 

mechanism of how those cations affect the microstructure and stability of perovskite materials 

is still unclear. In this study, we use low-dose electron microscopy and atomic structure 

simulations to identify the microstructure, crystal structure and defects of the multi-cation 

mixed-halide perovskite. We demonstrate that Cs+ cation is uniformly incorporated throughout 

the perovskite layer, while Rb+ cation is segregated as a discrete Rb-rich phase at the grain 

boundary. Our electron diffraction studies show the coexistence of cubic and tetragonal 

structures in the perovskite film at room temperature.  

We use a combination of low-dose electron microscopy studies and atomic structure 

simulations to identify a common twinning structure in both cubic and tetragonal phases of the 

multi-cation mixed-halide perovskite. We also present clear evidence of {111} twins in the 

cubic (c) structure which are equivalent to {011} twins in the tetragonal (t) structure. Then, a 

unique way for differentiating between the tetragonal and cubic forms of these twins is 

developed. Our systematic electron diffraction analyses and simulations demonstrate 

unequivocally that the same twinning structure is present in both phases, notably with a 

perfectly coherent {111}c twin boundary and a semi-coherent {011}t twin boundary. The atomic 

configuration of the twin boundary is discussed with possibilities of being AX3 centred (with 

A=Cs, FA, MA and X=I, Br) or B-site centred (Pb) for both crystal structures. We propose that 

the twin boundary is a key nucleation region for phase segregation which acts as a potential 

well or barrier to electrons and holes depending on its composition and hence bandgap. 
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Moreover, we systematically investigate the impact of MACl and CsCl additives upon 

the morphology, grain size, crystal structure, defects, optical properties, and PV performance 

of FA-based PSCs. We demonstrate that the MACl and CsCl additions have a great potential 

to stabilize the cubic FAPbI3 with a 2 × 2 × 2 supercell expansion and the Im3̅ space group. The 

morphology and crystal structure of the nanotwins (NTs) and stacking faults (SFs) of the 

perovskite films are studied. A detailed analysis employing electron diffraction patterns shows 

that both the NTs and SFs are on the {111}c planes. In addition, the optimized PSCs with 10 

mol% CsCl exhibit the best device performance with a PCE of 21.98%. These results prove 

that the incorporation of CsCl into the perovskite precursor mixture is an extremely effective 

method to obtain high-quality film formation, resulting in a highly efficient and stable PSC 

device. 

Finally, we investigate the key role of halide anions in additives using CsX (X = I, Br, 

and Cl) on the microstructure, crystal structure, structural defects, optoelectronic properties and 

photovoltaic parameters of FAPbI3 PSCs. Among the additives tested, FAPbI3 perovskite film 

with CsCl showed the highest photoluminescence (PL) intensity, longest PL lifetime and 

highest PCE compared to these films with I and Br anions. The morphology and crystallography 

of {111}c NTs and SFs are studied using transmission electron microscopy (TEM) and selected 

area electron diffraction pattern (SAED). The microstructure, crystallography and atomic 

structure model of two twin boundaries intersecting with an angle of around 70.5° are presented. 

Furthermore, the relation between the structure of twins and the hexagonal phase is discussed. 

We also systematically investigate the degradation pathways and their underlying mechanism 

for CsX-FAPbI3 perovskite compositions under ambient conditions. 

This study provides a thorough understanding of the crystallography and defects in 

multi-cation mixed-halide perovskite. Furthermore, the influence of defects on optical 

properties and device performance is investigated. All the contents presented in this thesis are 

expected to boost the progress towards improving the efficiency and stability of the PSCs, 

paving the way for practical applications of this technology in the near future. 
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Chapter 1. Introduction 

This chapter gives an overview of renewable energy and the motivation for this research. The 

aims of the project are also presented in this chapter, which are desired essential for 

understanding the microstructure, crystal structure, and defects of various perovskite 

compositions. Furthermore, the main outcomes and the outline of the project will also be 

discussed. 

 

1.1 Thesis motivation 

Global energy consumption is predicted to significantly increase in the next decades due to the 

rising energy demand for industrial and economic development. The environmental impact and 

depletion of fossil fuel resources have placed a higher demand on sustainable and renewable 

energy sources. Recently, research and development into promising new materials and 

technologies for renewable energy sources have been under the spotlight in both academia and 

industry. Renewable energy sources, including wind, solar, tidal, waves, biomass, geothermal, 

etc., will be a saviour in the energy crisis. Among those, solar energy is one of the most 

successful candidates in the international effort to reduce our dependence on fossil fuels. It can 

be converted into electricity directly via a photovoltaic (PV) effect in an optoelectronic device 

called “solar cell”. Solar cell technology is capable of providing an eco-friendly and cost-

effective PV energy generation for sustainably powering economic growth. 

Among various technologies investigated, a new arrival in the solar cell technologies 

family is the organic-inorganic metal halide perovskite (OIMHP). Perovskite solar cells (PSCs) 

have received enormous interest due to their remarkable performance achieved in 

optoelectronic and PV devices. There are more than 20000 publications since 2009 on PSCs 

with a record of 25.5% efficiency in 2021.[1] This value is already rivalling the best crystalline 

Si solar cells (27.6% efficiency) and the best thin-film solar cell technologies (23.4% 

efficiency).[1] PSCs have demonstrated a breakthrough in power conversion efficiency (PCE), 

making them the fastest developing solar cell technology in history. With many advantages 

over conventional crystalline Si solar cells such as rapid development, flexible substrates, low-
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temperature processing, and low-cost fabrication, PSCs are set to be a game-changer in the 

next-generation PV industry in the foreseeable future.  

OIMHP materials have attracted extensive attention due to its excellent properties such 

as long diffusion lengths, fast charge separation, high charge-carrier mobilities, lightweight and 

semi-transparency, etc., that make them ideal materials for solar cell applications.[2-4] 

Interestingly, the bandgap of OIMHP materials is tuneable over a wide range through the 

variation of its composition, which opens up another promising application for PSCs in high-

performance perovskite/Si tandem device architectures with potential PCEs over 30%.[5, 6] 

Hence, PSCs have now become the lab champions for “third-generation” photovoltaics.[7] 

However, despite impressive laboratory progress in this area, the commercialization of 

PSCs faces several challenges. The first issue is the instability of the perovskite layer under the 

influence of light, moisture, and heat. Secondly, most of reported high efficiencies for PSCs 

were obtained on a very small device with a typical area of ∼0.1 cm2 in the lab conditions,[8] 

while the high performance of large perovskite solar panels has not been demonstrated yet.[9, 

10] Generally, the possibility to grow and deposit high-quality perovskite films over large areas 

is the key factor to achieve the excellent performance of large-scale PSCs. The lifetime of such 

large-area PSCs is another issue that needs to be figured out. The last challenge is relevant to 

the possible environmental pollution and human health effect, as PSCs possess toxic and 

harmful lead component. 

In addition, the exact mechanism behind their tremendous increase in efficiency and 

outstanding optical properties (such as long charge carrier lifetime and strong absorption) 

remains unclear. Especially, the atomic structure and microstructure of OIMHP layers are also 

not well understood yet. In many cases, fundamental knowledge about the actual phase, crystal 

structure and space group of perovskite layers have not been rigorously investigated. OIMHP 

materials undergo complicated phase transitions as a function of the temperature.[11] 

Therefore, our limited understanding of these phase stabilities results in problems regarding 

electronic structure, band structure, optical properties and device efficiency that cannot be 

understood.  
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1.2 Thesis objectives and scope 

As discussed above, the limitation in understanding the microstructure and crystal structure of 

perovskite materials results in a lack of knowledge about the intrinsic mechanism behind the 

impressive device performance. Therefore, the main objective of this PhD project is to 

contribute to knowledge about the microstructure, crystal structure, elemental composition, and 

defects in OIMHP materials. Moreover, the impact of the microstructure on the optical 

properties and device performance will also be studied.  

To achieve this, the OIMHP materials and solar cell devices were characterised by 

electron microscopy techniques. However, the as-fabricated perovskite film is susceptible to 

electron beam damage. A long electron beam exposure may result in the disappearance of 

diffraction spots and defect’s morphology.[12, 13] In order to minimise the damage of OIMHP 

materials under electron beam, we develop the low-dose technique and a rapid acquisition 

condition. Furthermore, to avoid damaging sample preparation steps, different perovskite 

compositions are deposited directly on ITO/glass substrates and TEM Cu or Au grids for 

electron microscopy analysis. This PhD thesis has been conducted with the aims to: 

- Characterise the microstructure, crystal structure, and elemental composition of various 

photoactive OIMHP materials using low-dose electron microscopy and simulation software 

(CrystalMaker, SingleCrystal, CrystalDiffract).  

- Demonstrate the influence of Rb+ and Cs+ cations on the morphology, crystallographic 

structure, phase transition, defects, and chemical composition of multi-cation mixed-halide 

perovskites.  

- Characterise the morphology and crystallography of twin defects in multi-cation mixed-

halide perovskite film using electron microscopy techniques, CrystalMaker and 

SingleCrystal software.  

- Investigate the impact of additives upon the morphology, grain size, crystal structure, 

defects, optical properties, and PV performance of FA-based PSCs.  

- Study the influence of additives on the formation of nanotwin (NT) and stacking fault (SF) 

defects in FA-based PSCs. 
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- Finally, demonstrate the impact of halide anions in CsX (X = I, Br, Cl) on the 

microstructure, optical properties, and device performance of FAPbI3 PSCs. 

1.3 Thesis outline 

This PhD thesis addresses the progress and achievement in the microstructural characterisation 

and the development of novel PV materials for solar cells. It provides a thorough understanding 

and highlights new approaches to clarify the impressive efficiency of PSCs. The thesis includes 

8 chapters: 

Chapter 1 presents a motivation for the research, and outlines the thesis objective, scope, 

and challenge. 

Chapter 2 reviews the literature on the current development of various solar cells 

technology, the progress on PSCs, and fundamental knowledge about structural and material 

properties of perovskites. In detail, the crystal structures, and actual phases of OIMHP materials 

at different temperatures will be provided. The review also focuses on the structure of the PSC 

devices, hysteresis behaviour, and different fabrication methods of the perovskite layer. The 

final section in this chapter discusses the crystallography of twins and their impact on various 

properties of different materials. 

Chapter 3 provides details on the experimental method to prepare various perovskite 

compositions, the device fabrication process and the basic principles of different 

characterisation techniques used in this thesis. Various kinds of electron beam damage and 

challenges in handling the OIMHP materials under electron beam will also be provided. 

Chapter 4 studies the chemical and structural properties of 

Rb0.03Cs0.07FA0.765MA0.135PbI2.55Br0.45 perovskite composition. The simulation and 

experimental results clarify further the fundamental understanding of the morphology, 

microstructure, crystal structure, phase segregation, and elemental composition of multi-cation 

mixed-halide perovskites. The Rb+ and Cs+ cations were typically segregated at the grain 

boundary of the perovskite film as a discrete Rb- and Cs-rich phase. However, the Cs+ cation 

was also found to be incorporated into the perovskite structure. Furthermore, we show the 

evidence for the coexistence of cubic and tetragonal phases in the diffraction patterns at room 
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temperature. The results presented in this chapter offer additional insights into the cation 

incorporation in mixed-halide perovskite materials.  

Chapter 5 explores the twinning formation in cubic and tetragonal multi-cation mixed-

halide perovskite. We develop a combination of low-dose electron microscopy studies, atomic 

structure model, and electron diffraction pattern simulations to identify a common twinning 

structure in both the cubic and tetragonal phases of the Rb0.05Cs0.095MA0.1425FA0.7125PbI2Br 

hybrid perovskite. A unique way of differentiating between the tetragonal (t) and cubic (c) 

forms of these twins was developed. This provides new insights into the microstructure and 

defects in multi-cation mixed-halide perovskite materials. 

Chapter 6 investigates the influence of MACl and CsCl additives on the formation of 

cubic supercell structure, nanotwins (NTs) and stacking faults (SF) in FA-based PSCs. In 

addition, the microstructure and crystal structure of NT and SF defects were investigated using 

electron microscopy techniques. The NT and SF densities can be changed by varying the 

concentration of the additive in the perovskite precursor mixture, which have an impact on the 

optical properties and hence the PV performance of PSCs. These results prove that the 

incorporation of CsCl in the perovskite precursor mixture is an extremely effective method to 

obtain high-quality film formation, resulting in a highly efficient and stable PSC device. 

Chapter 7 investigates the key role of halide anions on the microstructure, crystal 

structure, structural defects, optoelectronic properties and PV parameters of FAPbI3 PSCs with 

the use of CsX additives (X = I, Br, and Cl). By introducing CsCl into FAPbI3, the perovskite 

film showed the highest PL intensity, longest PL lifetime and highest PCE compared to the 

films with CsI and CsBr additions. The morphology and crystallography of {111}c NTs and 

SFs are studied using transmission electron microscopy (TEM) and selected area electron 

diffraction (SAED). The {111}c TBs intersect at 70.5º as commonly observed in perovskite 

materials.[14-16] The microstructure, crystallography and atomic structure model of two twin 

boundaries (TBs) intersecting at an angle of around 70.5° are presented. Finally, we 

systematically investigate the degradation pathways and their underlying mechanism for CsX-

FAPbI3 perovskite under ambient conditions. 

Chapter 8 presents our conclusions and summarizes the main contribution of this thesis. 

The opportunities and strategies for the future direction are also highlighted in order to further 
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enhance the fundamental knowledge about microstructure and clarify the mechanism behind 

the impressive performance of PSCs. 
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Chapter 2. Literature review 

This chapter discusses the history and current development of various solar cell technologies 

and the progress of PSCs. The fundamental knowledge about crystallography of the OIMHP 

materials commonly used in PVs will be presented. And most importantly, the actual phases of 

perovskite materials at different temperatures will also be reviewed. The content presented here 

will allow a better understanding of crystallography and the influence of twins on various 

properties of different materials. Furthermore, up-to-date research progress on the 

microstructure and defects of PSCs is summarized. 

 

2.1 History of solar cells 

In 1839, for the first time, Edmond Becquerel discovered the photovoltaic effect that was used 

to explain how to convert the energy from the sun into electricity. Soon after, the 

photoconductivity of selenium (Se) was discovered by an English electrical engineer, 

Willoughby Smith, in 1873. He found that the electrical resistance of Se changed significantly 

with the amount of light falling on it. In 1883, the first design of Se solar cells was proposed by 

an American inventor named Charles Fritts. Albert Einstein was awarded the Nobel Prize in 

1921 for his theories on the photoelectric effect, which is the process by which the electron is 

emitted from the metal surface by light.[17]  

Semiconductor materials are considered as one of the key components in designing the 

PV devices. They are commonly used as the absorber layer of solar cell devices and governed 

essentially by the value of their bandgap.[18] When sunlight shines on the solar cell devices, 

electrons absorb the energy of photon and move from the valence band into the conduction 

band of a semiconductor material. Only the photons with energy higher than the bandgap of a 

semiconductor can be absorbed. This causes the dissipation of excess energy from those 

photons via a process called thermalization, in which the excited electrons relax to the edge of 

conduction band. This is the fundamental origin of the solar cell efficiency limitation, as we 

must choose between minimizing the thermalization loss and/or having a low bandgap absorber 

layer to extend the absorbable photon range. In general, an ideal solar cell device has a direct 
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bandgap between 1.1 and 1.4 eV to absorb the maximum number of photons from the sun's 

radiation and achieve the highest solar energy conversion efficiency (~34%).[19] 

2.1.1 Silicon photovoltaics 

In 1918, Jan Czochralski developed a technique to grow single-crystal Si ingots opening up 

opportunities for mass fabrication of devices. In 1954, three scientists in Bell Labs (USA) 

(Daryl Chapin, Calvin Fuller, and Gerald Pearson) introduced the first crystalline Si-based solar 

cell which had a PCE of 4.5%.[20] The technological progress and PCE of Si solar cells 

continued to improve at breakneck speed. In 1985, the researchers at the University of New 

South Wales achieved a record over 20% efficiency for Si solar cells under 1-sun conditions. 

Since then, the record efficiency of Si solar cells has increased to 25.6% in 2014 and to 26.7% 

in 2017.[21, 22] Currently, the entire photovoltaic (PV) market is predominantly occupied by 

the so-called first-generation solar cell technology which comprises chiefly single crystalline 

silicon cells due to their high efficiency and long lifetime (~30 years). However, the efficiency 

of single-junction Si solar cells has almost reached the theoretical Shockley-Queisser limit of 

30% for single-junction devices.[23, 24] Therefore, researchers are now looking for alternative 

technologies to achieve highly efficient and long-term stability devices, which also provides 

diversity to the PV market.[25]  

2.1.2 Thin-film photovoltaics 

Thin-film technologies are considered as the second-generation of PV solar cells and include 

materials such as copper indium gallium selenide (CIGS), cadmium telluride (CdTe), and 

hydrogenated amorphous silicon (α-Si:H).[26] 

CIGS based solar cell technology is one of the most prospective thin-film technologies 

due to the ease of large-scale manufacturing. In 1976, the first thin film CIGS solar cell was 

reported by Kazmerski et al. with a PCE of 4.5%.[27] In 2019, the lab record efficiency of 

CIGS was 23.35% which is comparable to commercial crystalline Si but less expensive and 

easy to fabricate.[28] However, the efficiency of commercial CIGS modules still lags 

significantly behind that of Si-based modules. CIGS is a narrow direct bandgap semiconductor. 

In addition, the bandgap of CIGS material can be adjusted from 1.04 to 1.68 eV by varying the 

Ga/In ratio. The CIGS layers with 1 µm thick (100 times thinner than a crystalline silicon solar 
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cell) have efficient sunlight absorption. The typical structure of CIGS solar cell device is 

composed of substrate/Mo/CIGS/CdS/SnO:Al/metal grid.[29] 

CdTe is a II-VI compound semiconductor and possesses an ideal band gap of 

approximately 1.43 eV with good absorption and low energy losses. In 1972, the first laboratory 

CdTe was introduced by Bonnet and Rabnehorst with a PCE of 6%.[30] Solar cells based on 

this compound were commercially developed and have up to 22.1% efficiency.[1] CdTe solar 

cells can be fabricated through low-temperature processes, allowing flexible and affordable 

production, thus making them the most commercially successful thin-film PV technology.  

With a direct bandgap, α-Si:H film in a few microns thickness can absorb a large 

fraction of solar radiation, starting from 1.7 eV and reaching the highest absorption capability 

from 2 eV.[31] The highest PCE for single-junction planar thin-film α-Si:H solar cell is 14%.[1] 

α-Si:H material is widely employed in various thin-film solar cell technologies as photoactive 

and doped layers. However, the thinner absorbing layer and light degradation problem cause 

the limitation in device efficiency using this material. 

In summary, thin-film technologies have a significantly lower cost compared to 

conventional Si technology, but the rarity of materials, toxicity, and environmental issues have 

restricted the commercialization of the second-generation solar cell. Furthermore, the reliability 

of thin-film technologies is also questionable.[29] 

2.1.3 Emerging photovoltaics 

In the field of PVs, emerging technologies based on dye-sensitized solar cells (DSSCs), copper 

zinc tin sulfide (CZTS), organic photovoltaics (OPVs), quantum dot solar cells (QDSCs), PSCs, 

and perovskite/Si tandem cells have shown tremendous potential to surpass the current PCE of 

single-junction solar cell based on Si.[32] These are novel technologies which are promising 

but not commercially developed yet.  

DSSCs have gained widespread attention due to their good PV performance, 

particularly under low-light intensity and their low-cost fabrication.[33] The basic principle of 

DSSC is based on a photo-electrochemical cell. Figure 2.1a shows a typical DSSC device, 

which is composed of three main components including a photoanode, a counter electrode, and 

a liquid electrolyte.[34] The photoanode is commonly made from a mesoporous metal oxide 

layer (such as TiO2, ZnO, SnO2) deposited on a transparent conductive oxide (TCO) (such as 
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indium doped tin oxide (ITO), fluorine-doped tin oxide (FTO)). Iodide-triiodide (I−/I3
−) solution 

is the most common electrolyte, while platinum (Pt) coated conductive glass substrate is usually 

used as the counter electrode. The liquid electrolyte has been replaced in recent DSSCs to 

achieve a solid-state device, but the rest of the components remain the same. This includes a 

hole transport layer (HTL), an absorber layer, an electron transport layer (ETL) and a TCO 

layer (see Figure 2.1b). The role of the HTL is to collect holes from the absorber layer, transport 

them towards the cathode and block electrons. The ETL has the same function but transport 

electrons instead of holes. Recently, the DSSC devices have achieved record efficiencies 

exceeding 13% under full sun illumination.[35] However, DSSCs can also encounter the 

instability problems, mainly temperature instability and solvent permeation of the liquid 

electrolyte. 

 

Figure 2.1. Schematic diagram of the (a) DSSC device and (b) solid-state DSSC device. 

Adapted from [36]. 

CZTS solar cells use an active layer of Cu2ZnSnS4 with the kesterite crystal structure. 

Although CZTS cells have many similar properties to second-generation CIGS cells, they do 

not use toxic compounds such as cadmium or rare indium but use abundant and non-toxic 

materials. The bandgap of CZTS is tuneable in a wide range of energies (from 1.5 to 2.1 eV) 

by alloying with other elements such as Ge or Mg, thus making it ideal for the topmost cells in 

Si-based tandem cell stacks.[37] The record efficiency for a pure CZTS cell is 12.6%.[38-

41] The disadvantages of CZTS include the material complexity and quality.[42]  
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OPV is also another promising solar cell technology with fast-growing PCE. The most 

attractive advantage of OPV cells is solution processability, enabling the low-cost large-area 

production via scalable printing technologies.[43] However, currently small area spin-coating 

is the main fabrication method of OPV. Although the PCEs of single-junction OPV cells have 

surpassed 17%,[44] the large amount of waste from its solution fabrication makes it unsuitable 

for large-scale production. Therefore, fabrication scalability is an important factor that must be 

taken into account when designing highly efficient OPV materials. 

 QDSCs use solution processed semiconductor nanocrystals as a light absorber.[45] PbS 

or PbSe quantum dot (QD) based solar cells are currently recognized as the best candidates in 

the QDSCs.[46] Similar to OPVs, the advantages of QD solar cells include the flexible bandgap 

tuning of the active layer by changing the dot size, the low-temperature and solution-based 

fabrication process. However, the use of toxic or rare materials, such as Se, is also a 

disadvantage for QD solar cells. Since the first publication, the efficiency of QD solar cells has 

increased dramatically and now exceeds the value of 18.1%.[1] If the current obstacles, 

including the distribution and stability of QDs, the ease of fabrication, and the improvement of 

mid-gap states/inherent disorder in QD films, can be resolved,  solar cells based on QDs will 

be highly promising for commercialization.[47, 48] Figure 2.2 shows the solar cell efficiency 

over time for a variety of different PV technologies. 

 

Figure 2.2. Best cell efficiencies chart of photovoltaic technologies by research published by 

National Renewable Energy Laboratory (NREL). Adapted from [1]  
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2.2 Perovskite solar cells 

2.2.1 Overview of perovskite solar cells 

In 1990, Mitzi et al. demonstrated that the OIMHP have great optoelectronic properties for 

applications in the field of LEDs, photodetectors, transistors and solar cells.[49] The first PSCs 

were reported by Miyasaka et al. in 2009. In addition, the OIMHP was utilized as a light-

absorbing layer in DSSCs, with an initial PCE of 3.8%.[50] However, not much attention was 

paid to these devices due to the poor stability of perovskites in the liquid electrolyte which 

lasted only for a few seconds. In 2012, Park et al. fabricated the first solid-state PSC that can 

overcome this problem. Spiro-MeOTAD (2,2′,7,7′-tetrakis (N,N-di-p-methoxyphenylamine)-

9,9′-spirobifluorene) was employed as the HTL and the device reached a value of 9.7% 

efficiency.[51] This modification not only improved the efficiency but also significantly 

enhanced the long-term stability of solid-state PSC. Since then, the number of publications on 

PSCs has been dramatically increasing, with more than 3000 publications in 2017 alone.[52]  

The operation of PSCs is basically similar to that of most other solar cells based on 

inorganic materials like silicon or CIGS. After being absorbed in the photoactive layer of PSCs, 

the light energy usually generates either free charge carriers (electrons and holes) or excitons 

(electron-hole pairs). Electron and hole transport layers (ETL and HTL) with different work 

functions are placed on the opposite faces of the perovskite layer, producing an electric field 

that motivates the flow of photocurrent. 

Snaith et al. fabricated the PSC by introducing mesoporous Al2O3 (ms-Al2O3) between 

compact TiO2 (cp-TiO2) and the perovskite layer, and achieved a PCE of 10.9%.[23] In 2013, 

Burschka et al. obtained a PCE of 15% for a perovskite-sensitized solar cell by introducing a 

two-step solution process.[53] At the same time, Snaith et al. fabricated a vapour-deposited 

organometal trihalide PSC based on a planar heterojunction thin-film structure that had a PCE 

of over 15% with a VOC of 1.07 V.[54] In 2015, Yang et al. reported a device efficiency of 

20.2% by improving the quality of the FAPbI3 film.[55] In 2017, they further investigated the 

incorporation of iodide ions into the perovskite precursor solution to reduce the concentration 

of defect states, and reported a certified PCE of 22.1% under 1 sun illumination.[56] Recently, 

researchers at Ulsan National Institute of Science and Technology (UNIST) and the Swiss 

Federal Institute of Technology Lausanne (EPFL) have reached a new record certified PCE of 

25.2% in a single-junction PSC with long-term operational stability (450 hours).[57] Such 
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remarkable development in the efficiency of PSC over the past ten years is unprecedented by 

any other PV material, which makes them a promising next-generation PV technology. 

The perovskite/Si tandem solar cells are expected to overcome the efficiency limit of 

single-junction devices and shorten the route to commercialisation of PSCs.[58] In 2014, Loper 

et al. reported the PCE of 13.4% using perovskite/Si four-terminal tandem solar cell. This value 

can be remarkably improved up to 31.6% PCE with the optimization of both optical and 

electrical properties.[59] In the next year, Mailoa et al. demonstrated the first perovskite/Si two-

terminal tandem solar cell achieved a PCE of 14.3%; and according to the simulation works on 

the optimization of cell structure, they can push this value up to 32% PCE.[60] Recently, Oxford 

PV has reported perovskite/silicon tandem solar cells that achieve lab certified PCE up to 

29.8%,[1] outperforming both perovskite and silicon single-junction devices. 

2.2.2 Perovskite solar cell device structure  

Device architecture is one of the significant contributors to the performance of PSCs. Figure 

2.3 illustrates the PSC device configurations that can be classified into the conventional n-i-p 

and inverted p-i-n devices. The typical PSC device includes a glass substrate, a transparent 

conducting oxide layer, an electron transport layer (ETL), an active perovskite absorber layer, 

and a hole transport layer (HTL), and an electrode. In the n-i-p structure, the light is absorbed 

in the solar cell device from the ETL side while the device is illuminated through the HTL side 

in the p-i-n structure. 

Figure 2.3a shows the most common conventional n-i-p PSC architecture including the 

mesoporous and planar heterojunction devices. In the mesoporous device architecture, several 

metal oxides (TiO2, ZnO2, Al2O3, and ZrO2) have been used as the isolator to prevent the 

undesirable migration of holes to the electron-transport side or served as the scaffold to support 

the perovskite. The typical mesoporous device has the following structure: an ETL of compact 

TiO2 (cp-TiO2) and mesoporous TiO2 (ms-TiO2) on an FTO or ITO coated glass substrate, an 

OIMHP absorber layer, spiro-MeOTAD served as HTL, and the Au electrode. The planar PSC 

device structure is an evolution of the mesoscopic architecture, where the mesoporous layer is 

removed, and the OIMHP layer is sandwiched between the planar HTL and planar ETL. SnO2 

is also a common ETL alternative for these planar n-i-p PSCs. 
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Figure 2.3b illustrates the typical architecture of an inverted p-i-n device, which has a 

reverse sequence of ETL and HTL compared to the conventional structure. To adapt the 

fabrication conditions, poly(3,4‐ethylenedioxythiophene)‐poly(styrenesulfonate) 

(PEDOT:PSS), poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTTA), and NiOx are often 

used as HTL and deposited on the surface of an ITO/glass substrate. The most common choices 

for the ETLs used in the inverted p-i-n structure are phenyl-C61-butyric acid methyl ester 

(PCBM) or C60. Finally, Al or Ag contacts are thermally evaporated on the top of ETL. 

 

Figure 2.3. Schematic of typical PSC device architectures (a) conventional n-i-p and (b) 

inverted p-i-n structures. 

2.2.3 Current-voltage (J-V) hysteresis  

The current-voltage (J-V) characterisation under standard illumination conditions can be used 

to evaluate the device performance of a PSC. There are four important parameters extracted 

from this curve including the open-circuit voltage (VOC) (x-intercept), the short-circuit current 

(JSC) (y-intercept), the fill factor (FF) (area under the curve), and the PCE (see Figure 2.4). 

The JSC is the current passing through a solar cell device when the applied voltage is 

zero. It is a measure of the number of charge carriers produced and eventually collected at the 

electrodes under short-circuit conditions.  
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The VOC is defined as the maximum value of voltage at zero current density of the solar 

cell. The VOC corresponds to the amount of forward bias on the solar cell due to the bias of the 

junction with the light-generated current.  

The FF quantifies the shape of the J-V curve as presented in the following equation: 

FF = 
J𝑚𝑝𝑝V𝑚𝑝𝑝

J𝑆𝐶V𝑜𝑐
 

where Vmpp and Jmpp are the voltage and current density at the point of maximum output power, 

respectively. 

Finally, the PCE can be determined as follows: 

PCE = 
VocJscFF

Pin
 

where Pin is the input power density. 

 

Figure 2.4. J-V characteristic of a photovoltaic device.  

In organic-inorganic metal halide PSCs, hysteresis is commonly observed between the 

forward and reverse scans of J-V curve (see Figure 2.5).[61-63] Hysteresis makes the 

determination of the device efficiency more difficult.[61, 64] The severity of the hysteresis can 

be defined by the H-index (hysteresis index), which can be calculated as follows: 

H-index =  
PCEreverse−PCEforward 

PCEreverse
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where PCEreverse and PCEforward are the power conversion efficiencies for the reverse scan with 

biased voltage from VOC to 0 V, and forward scan with biased voltage from 0 V to VOC, 

respectively. 

 

Figure 2.5. J-V curves for photovoltaic device at different scan directions (black colour forward 

scan and red colour reverse scan) for (a) conventional structure with spiro-MeOTAD as an HTL 

and TiO2 as an ETL, (b) inverted structure with PCBM as an ETL and PEDOT:PSS as an HTL. 

The black curve versus the red curve shows the hysteresis within the device depending on the 

direction of the voltage scan. Adapted with permission from [65].  

In early 2014, Snaith et al. reported the hysteresis in three types of PSC architectures 

including conventional planar heterojunction, conventional mesoscopic cells with ms-TiO2 and 

mesoscopic superstructure with ms-Al2O3.[63] This hysteresis strongly depends on cell 

architecture, the pre-conditioning of device (illumination history and applied voltage), the 

contact materials, as well as the quality of perovskite layer. OIMHP materials are in essence 

dual ionic-electronic conductors, where halide ions in particular shield electric fields in the 

perovskite and respond slowly to changes in voltage. This is supported by first principles studies 

estimating the activation energy of ionic species in perovskite.[66] 

Kang and Park have proposed three factors that possibly caused the hysteresis including 

(a) the ferroelectric property of perovskite layer associated with slow polarization, (b) the 

surface or bulk defects of perovskite layer behaving as traps for charges, and (c) excess ions 

owing to interstitial defects (iodide or organic cation) being able to migrate.[62] Recent studies 

have also indicated that varying materials used as the ETL, HTL and passivation layers has a 
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marked effect on hysteresis.[67] The interfaces between the perovskite and the ETL/HTL are 

the site of surface defects, which are reduced through surface passivation. Reenen et al. used a 

numerical drift-diffusion model to prove that both ion transport and trap-mediated interface 

recombination can give rise to experimental J-V hysteresis.[68] On the other hand, Calado et 

al. used optoelectronic photocurrent transient measurements to demonstrate that interface 

engineering can eliminate or at least reduce J-V hysteresis caused by ion migration in PSCs.[69] 

The hysteretic behaviour of PSCs, as reported by Walter et al., is governed by the interplay 

between ion migration and trap-mediated recombination throughout the perovskite absorber 

layer.[70] Furthermore, experimental factors including scan rate and direction, pre-scan 

conditions and external electric field were found to influence hysteresis.[71] 

2.2.4 Fabrication of the perovskite materials  

Since 2009, enormous international research efforts have concentrated on enhancing the quality 

of the perovskite layer, which is a critical factor determining the PSC device performance. The 

microstructure properties of the perovskite film such as morphology, crystallinity, defects, and 

phase purity are determined by fabrication approaches, which then directly impact the device 

efficiency. Different fabrication methods of perovskite films have been developed, including 

approaches based on solution processing and thermal evaporation. 

 

Figure 2.6. Schematic of perovskite fabrication by solution processing method: (a) one-step 

and (b) two-step solution process. (c) Schematic of perovskite fabrication by thermal 

evaporation method. Adapted from [72] 
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Solution processing 

Currently, solution processing is one of the most popular techniques being used worldwide for 

perovskite fabrication. This method can effectively produce a smooth perovskite thin film along 

with well-defined elemental composition and thickness. The simplicity, without the necessity 

to have complex and expensive vacuum systems, is one of the main advantages of solution 

processing. Furthermore, it also allows compositional variation with the use of additives into 

the precursor solution that can vary the optical properties and device performance.[73] There 

are two main solution processing techniques, namely single-step and two-step spin coating. 

Single-step solution processing is the most widely used technique from the early stages 

of perovskite research till now due to the low-cost requirement, high speed, and simplicity. In 

this technique, the perovskite precursor is generally prepared by dissolving perovskite 

precursors in solvents such as N-methyl-2-pyrrolidone (NMP), γ-butyrolactone (GBL), N,N′-

dimethylformamide (DMF), and dimethyl sulfoxide (DMSO).[74, 75] For instance, MAPbI3 

precursor is prepared by mixing 1M methyl ammonium iodide (MAI) and 1M lead iodide (PbI2) 

in the DMF or DMF/DMSO solvent. Then, the perovskite precursor solution is spin-coated over 

the pre-cleaned substrate. Immediately after spin-coating, the substrates are annealed on a 

hotplate at a temperature of 80 to 150 °C as shown in Figure 2.6a. However, one-step precursor 

solution usually results in non-uniform perovskite film with high surface roughness, high 

density of defects and pinholes.[76] To improve the quality the perovskite prepared by single-

step solution process, Xiao et al. introduced an anti-solvent treatment (chlorobenzene or 

toluene) during spin-coating.[77] The presence of anti-solvent supports the nucleation initiation 

and speeds up the crystallization rate, creating a compact, highly uniform, and pinhole-free 

perovskite film. Until now, the best cell efficiencies are usually achieved with single-step 

coating method.[78] 

Two-step spin coating was introduced by Burschka et al. in 2013, where a PbI2 layer 

was first deposited onto the ms-TiO2 film by spin coating a PbI2 solution in DMF at 70 ºC.[53] 

Subsequently, the dried PbI2 film was dipped in MAI solution for 20 s or spin-coated with the 

MAI solution on the PbI2 layer (Figure 2.6b). Finally, the sample was annealed on a hotplate to 

form the perovskite structure. In the spin-coating method, the spinning time and speed of MAI 

solution on the PbI2 film are important factors governing the quality of the perovskite layer.[79] 

In contrast, for dip-coating approach, the dipping time and concentration play a major role. The 

main advantages of two-step technique in perovskite film fabrication are better control of 
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morphology and crystallization. This technique has attracted huge attention after its first 

introduction.[53, 80, 81] However, the main challenges of this technique include the incomplete 

conversion of PbI2 and uncontrolled surface roughness. These can be solved by incorporating 

additives into the perovskite precursor solution and using precursor solvent engineering.[82] 

Thermal evaporation 

Compared with the solution method, thermal evaporation allows the fabrication of good quality 

crystallites, uniform, and pinhole free perovskite films. Thermal evaporation is a common 

technique for thin-film deposition. The organic and inorganic source powders are heated in 

different boats and evaporated in a high vacuum chamber (Figure 2.6c). The molar ratio is 

managed by evaporation rate and process temperature. The thickness of the perovskite film can 

be accurately controlled by monitoring the deposition rate of each precursor. This synthetic 

method also allows the formation of the perovskite films without high temperature annealing 

and is therefore ideal for applications in flexible optoelectronics devices.[83] This process 

avoids the use of toxic solvents and can produce the perovskite films without any detriment to 

the underlying layers of tandem cells. Last but not least, evaporation is a conventional 

semiconductor fabrication method and can be easily scaled for commercial fabrication of solar 

cells. In 2013, Snaith et al. fabricated the CH3NH3PbI3-xClx perovskite using dual-source vapour 

deposition at 10-5 bar, with MAI and PbI2 ratio of 4:1.[54] The disadvantage of this method is 

the need for high vacuum conditions, which may increase the production cost. 

2.3 Perovskite materials 

2.3.1 Overview of OIMHP materials 

The term “perovskite” (namely after the Russian mineralogist, Lev Perovski) was used to name 

the CaTiO3 mineral, which was first discovered in 1939 by a German scientist, Gustav Rose in 

the Ural Mountains of Russia.[84] Later on, any material that has the same crystal structure as  

CaTiO3 is commonly described as “perovskite”. Perovskites are a family of crystalline materials 

with chemical formula ABX3, where the A-site represents a cation such as (e.g., Ca2+, Ba2+, 

Sr2+, and La3+); the B-site represents a metal cation (e.g., Ti4+, Mg2+, Al3+, and Ta5+); and a 

halide anion is located at the X-site (typically O2‒).  
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For OIMHP materials, the A-site can be occupied by the monovalent organic cations 

CH3NH3
+ (methylammonium, MA) and NH2CH=NH2

+ (formamidinium, FA) or inorganic 

cations (Rb+ and Cs+) whereas the B-site is typically occupied by a Pb+, Ge or Sn+ cations and 

halide anions (typically I‒, Br‒, Cl‒) are on the X-site. The A-site cation may be doped with 

other inorganic metal cations (such as Rb+, Cs+) for the purposes of increasing device 

performance and long-term stability, reducing bulk defects and ion migration.[85, 86] Figure 

2.7 indicates the ideal perovskite structure, which is characterised by a cubic framework of 

corner-sharing [BX6]
4- octahedra (space group Pm3̅m) where the B cation is located at the 

center of the unit cell, with the A cations at the corners and the X anions at the center of the 

faces. The atomic displacements from these ideal cubic positions can cause various structural 

phase transitions, and hence change the material properties. For instance, changing the chemical 

compositions of A, B and X can change the band gap of OIMHP materials. Filip et al. 

demonstrated that the tunability of the optical band gap originates from the changes in the 

density of states resulting from the effects of the inclusion of various cations and anions on the 

X–Pb–X bond angle and length.[87] 

 

Figure 2.7. General structure of cubic perovskite material. 

There are two main factors used to predict the stability of perovskite materials based on 

the chemical formula. The first one is the Goldschmidt tolerance factor (t)[88] obtained from 

the ionic radii as presented in the following equation: 

𝑡 =
𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
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where rA represents the ionic radius of the A-site cation (rRb = 152 pm, rCs = 167 pm, rMA = 217 

pm, rFA = 253 pm); 𝑟𝐵 indicates the ionic radius of B-site cation (rPb = 119 pm, rGe = 211 pm, 

rSn = 225 pm); and 𝑟𝑋 is the ionic radius of the X-site anion (rI = 198 pm, rBr = 185 pm, rCl = 

175 pm). 

The second one is the octahedral factor (μ)[89] which is the ratio between the ionic radii 

of the B cation and the X anion, as given below: 

μ =
𝑟𝐵

𝑟𝑋
 

In general, materials tend to form the perovskite phase if the tolerance factor (t) is close 

to 1. Reaney et al. demonstrated that oxide perovskites with 0.9 < t < 1 are predicted to form 

an ideal cubic structure with corner-sharing and untilted octahedra at room temperature.[90] A 

tolerance factor of 0.71 < t < 0.9 gives rise to a distorted perovskite structure with tilted 

octahedra. When the tolerance factor is outside of these two ranges, non-perovskite hexagonal 

structures with face-sharing octahedra are formed instead. This principle was originally 

proposed for oxide perovskite,[91] but it can be applicable for OIMHPs. The OIMHP materials 

are expected to form a cubic phase for a tolerance factor t close to 1, a tetragonal phase for 0.8 

< t < 0.9, an orthorhombic phase for t < 0.8, and a non-perovskite hexagonal phase for t > 1.[91] 

Commonly, a hybrid perovskite material with the same chemical formulation can have more 

than one phase, depending on the fabrication methods and annealing temperature.[91] 

2.3.2 Octahedral tilting in OIMHP materials  

Octahedral tilting in perovskite materials is described by the Glazer notation,[92, 93] in which 

all tilt systems are characterized by a combination of different parameters. The letters a, b, and 

c are employed to illustrate the three tilt axes including [100], [010] and [001], respectively. 

Three superscripts “+,  ̶ , 0” represent the relative tilt direction between adjacent octahedral 

layers. In detail, in-phase and out-of-phase octahedral tilting are denoted with superscripts “+” 

and “‒” after the appropriate letter representing tilt axis, meaning that the octahedral tilt in the 

same or opposite direction, respectively (see Figure 2.8). A “0” superscript is used when no tilts 

occur around an axis. For instance, the tilt system a0b+b  ̶ has no tilting around [100] axis, the 

in-phase tilting around [010] axis, and the out-of-phase tilting around [001] axis. Figure 2.8 

illustrates two common kinds of octahedral tilts including in-phase and out-of-phase tilt modes. 

In-phase octahedral rotations around a common axis are defined when every octahedron rotates 
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by the same magnitude in the same direction along the axis, resulting in an unchanged unit cell 

parameter along this axis. When the sign of rotation varies for every octahedron along the 

rotating axis, we have out-of-phase rotations around the common axis and the unit cell 

parameter doubles. 

 

Figure 2.8. A schematic of octahedral tilts such as in-phase tilt octahedral tilting along x axis 

and out-of-phase octahedral tilting along y and z directions in perovskite structure. 

Glazer reported 23 possible simple tilt systems in 1975,[92, 93] however only 15 

different space groups were actually recognised in crystal systems and several of these tilt 

systems have the same space group. Howard & Stokes demonstrated the various potential tilt 

systems for perovskites using a group theoretical analysis.[94] Figure 2.9 shows the diagram of 

15 different space groups illustrating the relationship of the group and subgroup between tilt 

systems of perovskite materials.  
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Figure 2.9. The relationship of group and subgroup between tilt systems of perovskite materials 

by Howard and Stokes. Adapted with permission from [94]. 

The perovskite materials have various structural phases at different temperatures owing 

to the undersized A cation causing an instability in the octahedral tilt which can be explained 

geometrically by the Goldschmidt tolerance factor. Figure 2.10 shows three phases observed in 

metal halide perovskite materials including α-phase (cubic), β-phase (tetragonal), and γ-phase 

(orthorhombic).[95] The cubic phase with space group Pm3̅m has no tilt (a0a0a0) in Glazer 

notation. The tetragonal phase has either a space group P4/mbm with in-phase tilt (a0a0c+) or 

space group I4/mcm with out-of-phase tilt (a0a0c‒). For instance, the MAPbI3 perovskite has the 

I4/mcm phase at intermediate temperature while the P4/mbm phase was observed in inorganic 

perovskites. Finally, the orthorhombic phase with space group Pnma has a-a-b+ tilts including 

one in-phase tilt and two out-of-phase tilts.  
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Figure 2.10. Three phases commonly observed in perovskite materials. Cubic α-phase (Pm3̅m) 

has no activated tilted mode. Tetragonal β-phase (P4/mbm, I4/mcm) contains an in-phase tilt or 

out-of-phase tilt along one axis. Orthorhombic γ-phase (Pnma) has one in-phase tilt and two 

equal out-of-phase tilt modes. 

Since the lattice structure of corner-sharing octahedra is flexible, ionic perovskite is 

prone to go through the deformity related to the octahedral tilting and the off-centering of the 

A- and B-site cations. Together with the change in lattice parameter, each phase is defined by 

the existence of octahedral tilting. When the octahedron in the perovskite structure is tilted in 

some particular way, it leads to the tilting of neighbouring octahedra. The octahedra tilting can 

result in the most crucial outcome: doubling the periodic unit cell axes and structure this is often 

associated with cation ordering. In detail, the tilting can make the cation-anion (B-X) bond in 

one octahedron rotated in an opposite direction to that in an adjacent octahedron, leading to a 

doubling of the periodic distances perpendicular to the tilt axis. Simultaneously, if the cation-

anion (B-X) bond distance is kept unchanged, then the distance between two B cations must be 

smaller and therefore the lattice constant along the tilt axis is reduced. Because the unit cell 

axes can be doubled by octahedra tilting, additional reflections are formed which lie on half-

integral reciprocal-lattice planes. These extra reflections in the electron diffraction patterns now 

can be indexed with some indices odd, while the ordinary reflections (the main reflections) have 

all hkl even.[93] 

2.3.3 Tetragonal and cubic perovskite structures 

The difference between atomic structure of cubic and tetragonal perovskite is shown in Figure 

2.11. There are no critical differences between the two structures, except a small rotation of 
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PbI6 octahedra along the c-axis. The tetragonal phase can be considered as a pseudocubic phase 

with lattice parameter at = ac × √2, ct = cc × 2. In the cubic structure, the a and b are 45o rotated 

axes of the tetragonal unit cell (see Figures 2.11c-d). Table 2.1 shows the crystal parameters of 

tetragonal and cubic structures in MAPbI3 and FAPbI3 perovskites. 

 

Figure 2.11. Atomic structure models of MAPbI3 perovskites with (a) tetragonal and (b) cubic 

structure. Atomic structure of (c) tetragonal and (d) cubic structure along [001] zone axis. The 

subscripts “t”’ and “c” represent the index in the tetragonal and cubic structure, respectively. 
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Table 2.1. Crystal parameters of tetragonal structure (MAPbI3) and cubic structure (MAPbI3 

and FAPbI3). 

Tetragonal structure Cubic structure 

MAPbI3 MAPbI3 FAPbI3 

Plane d (Å) 2θ Plane d (Å) 2θ Plane d (Å) 2θ 

(002) 6.321000 13.99928 (100) 6.31728 14.0076 (100) 6.3620 13.9086 

(002) 6.321000 14.03335 (100) 6.31728 14.0417 (100) 6.3620 13.9425 

(110) 6.257188 14.14277 (001) 6.31728 14.0417 (001) 6.3620 13.9425 

(112) 4.446889 19.95034 (110) 4.4669 19.8597 (110) 4.49861 19.7187 

(112) 4.446889 19.99916 (110) 4.4669 19.9082 (110) 4.49861 19.7669 

(211) 3.774262 23.55269       

(211) 3.774262 23.61056       

(202) 3.624746 24.53903 (111) 3.64728 24.3851 (111) 3.6731 24.211 

(202) 3.624746 24.59939 (111) 3.64728 24.445 (111) 3.6731 24.2706 

(004) 3.160500 28.21313 (200) 3.15864 28.2301 (200) 3.18100 28.0276 

(004) 3.160500 28.28288 (200) 3.15864 28.2999 (200) 3.18100 28.0969 

(220) 3.128594 28.50691       

(220) 3.128594 28.57741       

(213) 2.884753 30.97444       

(213) 2.884753 31.05134       

(114) 2.821060 31.69194 (210) 2.82517 31.6446 (210) 2.84517 31.4164 

(114) 2.821060 31.77072 (210) 2.82517 31.7232 (210) 2.84517 31.4944 

(310) 2.798299 31.95657       

(310) 2.798299 32.03605       

(312) 2.558773 35.04031 (211) 2.57902 34.7565 (211) 2.59728 34.5044 

(312) 2.558773 35.12793 (211) 2.57902 34.8433 (211) 2.59728 34.5044 

(224) 2.223445 40.53979 (220) 2.23350 40.3494 (220) 2.24931 40.0536 

(224) 2.223445 40.64230 (220) 2.23350 40.4514 (220) 2.24931 40.1548 

(400) 2.212250 10.75402       

(400) 2.212250 40.85712       

(006) 2.10617 42.9055 (221) 2.10576 43.0233 (221) 2.12067 42.5978 

(006) 2.10617 43.0146 (300) 2.10576 43.0233 (300) 2.12067 42.706 
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2.3.4 Crystal structure of OIMHP materials 

a. MAPbI3 perovskite material  

Methylammonium lead iodide (MAPbI3)
 is amongst the most common OIMHP materials for 

PV applications, achieving about 21% PCE.[96] A challenging issue for MAPbI3 PSCs is the 

stability of various crystal structures at different temperatures. Figure 2.12 shows three main 

phases observed in MAPbI3 material as a function of temperature. From the experimental 

results, MAPbI3 has an orthorhombic phase with the Pnma space group at temperature below 

165 K (-108ºC) using synchrotron X-ray powder diffraction and time-of-flight neutron 

diffraction.[97] The orthorhombic phase has in-phase (+) rotations along the [010] axis and out-

of-phase (‒) octahedral tilts along the [100] and [001] axes, which can be interpreted by an a‒

b+a̶ tilt pattern in Glazer notation. When the temperature increases above 162K (-111 ºC), 

MAPbI3 adopts a tetragonal structure with I4/mcm or I4cm space group (a = b = 8.859 Å, c = 

12.649 Å) and an a0a0c+ or a0a0c‒ tilt pattern. The lattice parameters of the tetragonal structure 

become more isotropic with c/2a moving closer to 1. Also, the molecular disorder rises to the 

point where the transition to a cubic phase happens at about 327 K (54 ºC). This transition can 

be observed clearly from the temperature dependent neutron diffraction and changes in the heat 

capacity.[98] The cubic phase has space group Pm3̅m with a lattice parameter a = 6.304 Å and 

the associated octahedral tilting pattern is a0a0a0 in the Glazer notation. 

 

Figure 2.12. Crystal structure and phase transitions of MAPbI3 perovskites at different 

temperatures. 
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b. FAPbI3 perovskite material  

Since 2013, highly efficient PSCs are predominantly fabricated with FA-based perovskites 

because of their superior thermal and moisture stability compared to MA.[99, 100] 

Formamidinium lead triiodide (CH(NH2)2PbI3, FAPbI3) has the narrowest optical bandgap 

(1.45 eV) in comparison with MAPbI3 (1.57 eV) and CsPbI3 (1.73 eV), and this value is close 

to the ideal bandgap for creating high-efficiency PSCs.[6] The FA cation has a larger effective 

radius (2.53Å) compared to the MA cation (2.17Å). As mentioned earlier, the cation radius 

changes the Goldschmid tolerance factor (an indication of the stability of the perovskite 

structure for a certain component combination). FAPbI3 has the structure tolerance factor of 

1.036 which is close to the ideal value of 1.  

Figure 2.13 illustrates the crystal structure of FAPbI3 perovskite undergoing 

complicated phase transition as a function of temperature. There are two main phases 

commonly observed in FAPbI3, the yellow hexagonal non-perovskite phase (δ-FAPbI3, 

P63/mmc, a = 8.6667 Å, c = 7.9077 Å) and the black cubic perovskite phase (α-FAPbI3, Pm3̅m, 

a = 6.3506 Å).[101] As shown in section 2.4.3, the δ-FAPbI3 phase is also best described as a 

2H structure with the octahedral layers twinned every alternate layer (creating a periodic SF 

sequence) compared to the cubic α-FAPbI3 structure. Only the black cubic FAPbI3 phase is a 

useful photoactive perovskite phase.[102] Zhu et al. demonstrated that the FAPbI3 nanocrystals 

undergo a phase transition from a perfect cubic lattice with space group Pm3̅m to a cubic 

supercell with space group Im3̅ in the pressure range of 0−3 GPa.[103] The cubic FAPbI3 phase 

can be obtained at higher temperatures either by crystallization from solution at high 

temperatures or thermal annealing of the δ-FAPbI3 hexagonal form (e.g. 150 to 180°C). 

However, the photoactive cubic FAPbI3 can easily be transformed into the undesired 

photoinactive hexagonal FAPbI3 under ambient conditions at room temperature because of the 

large size of the FA+ cation. A distinction of FAPbI3 is that face-sharing octahedra δ-phase 

(yellow colour) is in competition with the corner-sharing octahedra perovskite phase (black 

colour); this is also the case for CsSnI3. Consequently, obtaining a stable and highly crystalline 

black cubic FAPbI3 perovskite phase at room temperature is a challenge in the field of PSCs.  
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Figure 2.13. Crystal structure and phase transitions of FAPbI3 perovskites at different 

temperatures. 

2.4 Defects of perovskite materials 

2.4.1 Crystallographic theory of twins 

Twins are one of the most widespread types of defects in many crystalline materials including 

semiconductors (such as GaAs, AlGaAs, InP), metals (such as Pt, Au, Ag, Cu) and ceramics 

(BaTiO3).[104-108] Twins appear when two crystals in materials sharing the same crystal 

lattice plane obey a certain symmetry rule. Amongst several symmetry rules, the most common 

one defines the twin as the mirror image of the matrix crystal structure across a common plane 

named the twin plane. The lattice compositions of the twin and matrix lamellae are to preserve 

symmetry with respect to the twin boundary (TB). Figure 2.14b shows the morphology and 

structure of TB splitting up the internal grain into two separate structures: matrix and twin. TBs 

are precisely constructed following the ordered arrangement of twin lamellae within the grains 

which then strongly affect the mechanical, electronic, optical and magnetic properties of 
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materials.[104] The twin defects in a structure can have either a positive or negative impact on 

various properties of the materials. The difference between TB and high-angle grain boundary 

is shown in Figure 2.14. Compared with traditional high-angle grain boundaries, TBs usually 

exhibit much higher mechanical and thermal stability.[109] 

 

Figure 2.14. Schematic diagram of (a) the grain boundary and (b) TB. The yellow symbol (⊥) 

indicates the dislocation motion, which is blocked by grain boundary. Adapted from [104, 109]. 

There are three types of interfaces which can be classified depending on the degree of 

atomic matching namely coherent, partly coherent, and incoherent interfaces (Figure 2.15). The 

coherent interface has a perfect match between the two adjacent crystals along the interface, 

which means that there is no lattice mismatch. This coherent interface can be seen between two 

phases with similar atom size, lattice parameter, or chemical composition. This is different in 

the case of semi-coherent interfaces, in which the periodic misfit dislocations accommodate the 

disregistry between the two crystal structures in the interface. When the atomic configuration 

of the interface plane shows a big difference between the two adjacent crystals, e.g. poor lattice 

match across the interface, we have an incoherent interface. The incoherent interface usually 
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occur if there are significant differences in the atomic bonding and/or the lattice parameters in 

crystals.  

 

Figure 2.15. Schematic diagram of (a) incoherent, (b) semi-coherent, and (d) coherent interface 

boundaries. Adapted from [110]. 

Figure 2.16 shows two main types of interfaces between twin and matrix including 

coherent and semi-coherent. The coherent twin plane has atoms aligned along a twin plane 

(coherent boundary) with mirror symmetry. Figure 2.16a illustrates the atomic structure of twin 

plane belonging to both crystals without any lattice mismatch. A coherent TB is commonly 

observed in face-centred cubic (fcc) metals or cubic inorganic perovskite materials with low 

interfacial energy.[108] For the semi-coherent TB, the interactions show no different behaviour 

in comparison with the grain boundary (Figure 2.16b).  

 

Figure 2.16. Schematic diagram of (a) coherent TB, (b) semi-coherent TB.  
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There are four parameters including K1, K2, η1, η2 used to describe the matrix-twin 

crystallographic relationship as shown in Figure 2.17a.[111] K1 represents the twin plane and 

η1 is the shear factor where the twinned materials above the twin plane have been distorted with 

respect to the matrix below. The twin plane K2 containing the direction η2 is sheared through 

the angle ϕ by the twinning process but is not distorted, that is η2 = η2’. The K2 plane is referred 

to as the second undistorted plane.  

If the orientation relationship between twin and matrix is defined by a simple reflection 

across K1 then the reciprocal lattice will have the same relationship. Figure 2.17b shows the 

atomic positions of annealing twins that occur in fcc metals. The stacking sequence across the 

twin plane is also a mirror image ABCAB|C|BACBA. In this case ƞ1 is perpendicular to [11̅0], 

K1 (111), ƞ1 [112̅] and electron diffraction patterns of the twin and matrix are mirror reflections 

across the (111) plane (180º rotation around [111]). 

 

Figure 2.17. (a) The geometry of the twin parameters. (b) Atomic positions of {111} twin in 

fcc structure with ABC stacking is reversed inside the twin.  

Figure 2.18 illustrates an example of the morphology and crystallography of {111} 

cubic twin in BaTiO3 material.[108] The morphology of twin is highlighted in the bright-field 

TEM (BF-TEM) image with a red dashed line defining the {111} TB. The SAED pattern 

illustrates the superimposed reflections of both twin and matrix with the beam direction parallel 

to a [11̅0] zone axis. The {111} reflections are perpendicular to the {112̅} reflections of matrix 

and twin plane. The {111} twin plane gives rise to coincident {111} reflections parallel to the 

twin axis. The cubic twin formation can be explained as a shear operation of (111) planes with 

±
1

3
[112̅] shear vectors. The coherent TB is confirmed by HR-TEM image in Figure 2.18b.  
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Figure 2.18. (a) A BF-TEM image and the SAED pattern in [110] zone axis of {111} TB in 

BaTiO3 material. (b) HR-TEM image of {111} TB in BaTiO3 material. Adapted with 

permission from [49]. 

2.4.2 The impact of twins on the properties of materials 

Twins have attracted substantial attention for applications in crystal growth, mechanical 

engineering, biomedical diagnosis, optics, and catalysis.[112] The formation of twins can 

modify the structure and morphologies of the materials.[113] Therefore, it has a wide range of 

effects on numerous properties of the specimens, including mechanical properties, [105, 114, 

115], optical and electrical properties,[116, 117] ferromagnetic and ferroelectric 

properties,[118, 119] and superconductivity.[120]  

Many research groups have confirmed that twins have various impacts on the optical 

properties of materials. [121] For instance, the optical absorption and defect states are enhanced 

by TBs in crystalline semiconductors.[122, 123] Ikonic et al. have demonstrated that TB can 

create shallow states near the valence band and conduction band boundaries. The TB is capable 

of enhancing the optical absorption and possibly without reducing the PV performance, since 

the carrier recombination is not effective at shallow energy levels.[122, 124] The strong impact 

of twins on the optical properties has been reported using the first-principle calculations.[122, 

123] Wang et al. observed the twin configurations in most Si nanocrystals with diameters larger 

than 6 nm using HR-TEM. They demonstrated that the microstructural defects have a 

significant influence on the optical properties as these are possible reasons for the 
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photoluminescence (PL) peak intensity reduction.[125] Twinning or polytypic superlattices 

modify the optical properties and electronic structure of the material with inter-band and intra-

band optical transitions. [126, 127] Woo et al. used the TEM and PL to demonstrate that twins 

behave as carrier recombination centers, and significantly affect the optical properties of the 

InP nanowires.[128] 

Twins also have different impacts on the electronic properties of materials. Ikonic et al. 

reported the theoretical studies of electronic structure of TBs and twinning superlattice in the 

bulk PbS materials. They demonstrated that twinning with anionic or cationic interface possess 

much narrower or wider band gaps than that of bulk material, indicating that these structures 

may display interesting electronic properties.[124] Kim et al. used first principles calculations 

to demonstrate the modification of the interatomic distance at a 60º TB to supply structural 

misfits can modify the electronic structure of Bi2Te3. The electronic structure modification 

creates occupied states within the original bandgap in a favourable condition to produce carriers 

and increases the density of states near the conduction band minimum. The incoherent TB and 

different twinning structures in Cu are also reported to affect the flow of electric current under 

mechanical stress.[129]  

Twins play a critical role to manage the ferroelastic, ferroelectric, and ferromagnetic 

properties of materials. The absence of cubic symmetry at the TBs in Pt nanoparticles was found 

to give rise to permanent magnetic moments.[130] Furthermore, Pb nanoparticles exhibit 

permanent magnetic moments and ferromagnetic behaviour (coercivity and hysteresis) in a 

wide range of temperatures from 0 to 300K. Another study reported how the movement of TB 

modifies the magnetic domain structure by mechanical stress in single crystal 

Ni50.0Mn28.5Ga21.5. After the formation of TB, the structure of magnetic domains split into 

individual ones and can be restored under the application of a weak magnetic field.[131] 

2.4.3 Stacking fault defects 

Stacking faults (SFs) are two-dimensional (2D) planar defects that can be observed in 

semiconductor materials (such as Si, Ge, GaAs, InP) and various metals (such as Au, Ag, Cu) 

with fcc structure. The formation of SFs in the fcc structure result of changes in the atomic 

plane stacking sequence in the 〈111〉 directions. SFs typically have very low formation 

energies.[124] Figure 2.19 illustrates the difference between a perfect crystal and a crystal 

disrupted by a SF. The stacking sequence ABCABCA produces a cubic structure and 
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ABABABA produces a hexagonal structure. The bonding arrangement is different at the 

interface compared to a perfect crystal and changes the electronic wave functions, and hence 

the local band structure around the SF. The most common example of SFs can be found in 

close-packed crystal structures.  

 

Figure 2.19. Schematic diagram of (a) perfect crystal, (b) stacking fault sequences. 

In semiconductor materials, SF defects are generated unintentionally from mechanical 

deformation or during nanowire growth.[126, 127] SFs act as recombination sites in 

dislocation-free silicon, and edge dislocations reduce the PL intensity in multi-crystalline 

silicon.[126, 127] However, SFs may also be produced intentionally. Yoo et al. used a 

combination of theoretical and experimental measurements to study the impact of SFs on the 

device performance of the CdTe solar cells. SFs are detrimental to device performance because 

of increased carrier recombination.[132] 

 2.4.4 Nanotwins (NTs) 

The nanotwin (NT) structures are comprised of a high density of twins where the thickness of 

individual twin is in the nanometre scale. They have coherent boundaries to enhance the 

physical and mechanical properties of metals.[133] NTs are also commonly observed in 

perovskite materials.[15, 134-136] The dislocation-TBs interactions are the origin of the unique 

mechanical properties of NT materials, which are different from dislocation-GBs and 

dislocation-dislocation interactions.[133] In contrast to the twin-free nanocrystal, the 

dislocation propagation inside the grains can be efficiently barred by TBs.[137] Therefore, the 

perfection of TBs is highly important for the strengthening effect of NT materials. 
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NTs have received a great deal of attention in metals (such as Pt, Au, Cu, Ni) and 

semiconductors (such as GaAs, InP, Si, Ge) thanks to their interesting electrical and mechanical 

properties.[104-106, 138-140] Many research groups have reported the unique properties of 

NTs using TEM and HR-TEM techniques. Luo et al. reported that the formation of NTs in Au 

films may lead to the gradual transformation of local grain boundaries from high-angle to low-

angle misorientations.[139] The existence of NTs can impact the physical properties of 

materials.[140] For metals, TBs are normally detrimental to the electrical properties of 

materials because the conducting electrons can be strongly scattered at NTs (as planar 

defects).[104] For semiconductors, Kim et al. have proven that varying the interatomic range 

at the 60° twin boundary (TB) of NTs can modify the electronic structure of Bi2Te3.[141] 

However, the morphology and crystallography of NTs in OIMHP materials have not been 

investigated since these materials are susceptible to electron beam damage. Notably, a long 

electron beam exposure may result in the disappearance of twin domains and their associated 

diffraction spots.[12] 

2.4.5 Stacking sequences in OIMHP materials 

Symmetry is used to study crystals, identify repeating parts of molecules in crystallography. In 

relation to perovskites, Helen Megaw discovered a high-symmetry structure type that can be 

viewed as an idealized version of a lower-symmetry structure, which is known as aristo-

type.[142] In OIMHP materials, the polytypes determine the ratio between black cubic and 

yellow hexagonal phases for different compositions.[143] The structure of perovskite materials 

can be expressed as close-packed AX3 layers with the octahedral interstitials occupied by B-

site cations. The cubic perovskite structure (Pm3̅m) is an aristo-type with a cubic close-packed 

(c) stacking, where the AX3 layers has an ABCABC stacking sequence with corner-sharing BX6 

octahedra (Figure 2.20). On the other hand, when at least the AX3 layers are partly packed in 

an AB'AB'AB' sequence (B' is a twin reflection of B), a hexagonal close-packed (h) structure is 

formed as shown in Figure 2.20c, leading to a 2H structure which is also known as the δ-phase. 

In this case, the octahedra have a face-sharing (B2X9) arrangement, which means few X anions 

are needed to form a 3D network. The hexagonal (4H and 6H) polytypes are usually comprised 

of a combination of both h and c stacking sequences, giving rise to both face-sharing and corner-

sharing octahedra (Figures 2.20d-e).  
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Figure 2.20. Comparison of relevant structures considered in this study, their space group, 

lattice constant and stacking sequences. Adapted from [144]. 

The different stacking possibilities can create the formation of various promising 

polytypes with different properties related to the octahedral connectivity, for example, different 

band structures.[144] In addition, the band-gap is defined by the number of iodide anions shared 

between two neighboring Pb ions and is enlarged by higher connectivity. Kamminga et al. 

employed density functional theory to calculate the electronic structure of (C6H5CH2NH3)2PbI4 

perovskite and indicated that increasing the connectivity of PbI6 octahedra from corner-sharing, 

via edge-sharing, to face-sharing results in a remarkable enhancement in the band gap.[143, 

145] Moreover, it has been reported that the nanostructure of halide perovskites is defined by 

various factors, such as octahedra connectivity, local symmetry breaking, TBs, strain gradients, 

and phase coexistence.  
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Table 2.2. Comparison of relevant structures considered in this study, their space group, lattice 

constant and stacking sequences. Adapted from [144]. 

Crystal 

system 

Space 

group 

a [Å] b [Å] c [Å] Ramsdell 

notation 

ABC h-c 

notation 

Tilt 

system 

Cubic Pm3̅m 6.35 6.35 6.35 3C ABC c a0a0a0 

Cubic Im3̅ 12.55 12.55 12.55 3C ABC c a+a+a+ 

Tetragonal I4mcm 6.35 12.55 12.55  ABC c a0a0c- 

Orthorhombic Pnma 8.34 12.63 9.04  ABC c a+b-b- 

Rhombohedral R3c 8.9 8.9 10.89 3R ABC c a-a-a- 

Rhombohedral R3̅ 17.74 17.74 10.87 3R ABC c a-a-a- 

Hexagonal P63/mmc 8.67 8.67 7.91 2H AB h a-a-b+  

Hexagonal P63/mmc 8.81 8.81 15.21 4H ABCB hc a-a-b+  

Hexagonal P63/mmc 8.84 8.84 22.45 6H ABCACB hcc a-a-b+  

2.4.6 Twinning in OIMHP materials 

Twins are important defects governing material and device properties, and they are commonly 

observed in perovskite materials. Twin formation can occur during the crystallization of 

materials from the vapour, liquid or solid precursors.[146, 147] A phase transformation can also 

create twinned crystals, for example when the crystal structure transforms from tetragonal 

(I4cm) to cubic (Pm3̅m) in perovskite materials. Generally, the twins are defects and can be 

characterised by an operation as belonging to the reflection, rotation, and centrosymmetry type. 

Twins typically have a twinning plane whereby the crystal structure of the twin is essentially 

the mirror image of the crystal structure of the matrix.[147] The crystallographic relation 

between the twinned sections is defined by three possible transformation parameters: a mirror 

plane in reflection twins, a rotation axis in rotation twins, and an inversion centre in 

centrosymmetry twins. 

Recently, several research groups have focused on observing and understanding the 

influence of twin domain structure on the optical properties and device performance in metal 

halide perovskite.[148-150] To date, there are very few studies on defect properties in OIMHP 



39 
 

materials, and so far their main focus has been on twins, grain boundaries and associated 

intrinsic defects in MAPbI3.[16, 149-155] For instance, Liu et al., explored the correlation 

between the chemical modification and ferroelastic twin domains in MAPbI3 thin films using 

multimodal imaging techniques.[150] Hermes et al. was the first group to use piezo-response 

force microscopy (PFM) to observe the twin domain in MAPbI3.[153] They have suggested 

that the domain-like structures consist of ferroelastic twin domains formed in MAPbI3 during 

the transition from the cubic to tetragonal phase as a result of strain.[153] These striped domains 

have a thickness from 100 to 300 nm in one grain but vary between different grains. Another 

group employed a combination of various techniques including PFM, polarized light optical 

microscopy, and photothermal induced resonance to provide solid evidence for the ferroelastic 

behaviour of polycrystalline MAPbI3.[16] It was proven that the nanoscale ferroelastic domain 

is altered with applied stress, and they proposed strain engineering as a new parameter to control 

the optoelectronic properties of MAPbI3 perovskite. Another interesting study shows that the 

TBs in single crystal MAPbI3 do not affect the carrier transport across them or act as non-

radiative recombination centers. The mild electronic nature of the TBs is likely to be related to 

their unique defect structure.[156] 

 Understanding the morphology and crystallography of the twin domain is essential to 

clarify how it affects the optical properties and device performance of PSCs. Rothmann et al. 

have reported clear evidence of twin domains in tetragonal MAPbI3 by employing low-dose 

TEM and diffraction patterns.[149] In their work, they propose that the TB is parallel to the 

{112} plane and the twin’s formation is governed by a small difference in the lattice spacing of 

the (002) and (110) planes. Another work by Liu et al. investigated the crystallographic 

orientation and piezoelectric properties of twin domain in MAPbI3 perovskite using advanced 

PFM and electron backscatter diffraction. They reported that the orientation relationship across 

the twin walls in MAPbI3 is a 90º rotation around 〈11̅̅̅̅ 1〉. They observed evidence of non-

ferroelectric contributions to the PFM responses of this MAPbI3 sample.[157] The clarification 

of whether the twin domain affects the ferroelectric properties of MAPbI3 perovskite is still 

debatable. Furthermore, until now most of studies on twin domains only focused on the MAPbI3 

and MA-based perovskite materials.  

For FA-based perovskites, the influence of TBs on electron-hole transport, 

recombination and charge separation has also been demonstrated in various theoretical 

studies.[148, 158] McKenna used density functional theory to predict the structure and 
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electronic properties of twin defects in FAPbI3 materials.[148] The {111} TB in cubic FAPbI3 

is predicted to be highly stable with a very low formation energy and minimal impact on carrier 

transport. In multi-cation mixed-halide perovskite materials, the formation of an I-rich phase at 

the TB can be promoted even at low temperature due to the presence of mobile halide ion 

vacancies. Such an I-rich phase can facilitate electron-hole recombination and reduce the open-

circuit voltage of the device.[148, 159, 160] Recently, Kim et al. have attributed the contrast 

observed by Kelvin probe force microscopy (KPFM) measurements on 

(FAPbI3)0.85(MAPbBr3)0.15 perovskite to periodic twin domains.[161] However, experimental 

reports on the morphology and crystallography of twins and grain boundaries in FA-based and 

multi-cation mixed-halide perovskites are not widely elaborated despite the fact that these 

groups of materials are more promising for solar cell applications. 
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Chapter 3. Experimental methodology and 

electron microscopy 

This chapter describes various experimental and characterisation methods that have been 

conducted to find out the morphology, elemental composition, crystal structure, defects, optical 

properties of OIMHP materials and their effect on the performance of PSC devices. First of all, 

the synthetic procedure of perovskite solution and the fabrication of the devices are described. 

Next, some essential information on the operation and purpose of using the material 

characterisation techniques such as X-ray diffraction will be clarified. Then, the basic principle 

of optical characterisation and surface chemistry techniques are shown in this chapter. Finally, 

the basic principle of several electron microscopy techniques used to investigate the 

microstructure in different perovskite materials is discussed. 
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3.1 Perovskite precursor solution 

3.1.1 Materials 

The list of materials and suppliers for perovskite precursor solution and device fabrication are 

showed in Table 3.1: 

Table 3.1. List of materials and the suppliers. 

Type Materials Supplier 

 

 

 

Inorganic salt 

Rubidium iodide (RbI) 
Sigma-Aldrich, 99.9% 

Rubidium bromine (RbBr) Sigma-Aldrich, 99.6% 

Caesium iodide (CsI) Sigma-Aldrich, 99.999% 

Caesium chlorine (CsCl) Sigma-Aldrich, 99.9% 

Caesium bromine (CsBr) Sigma-Aldrich, 99.999% 

Lead iodide (PbI2) Sigma-Aldrich, 99% 

Lead bromide (PbBr2) 

Lead chlorine (PbCl2) 

Sigma-Aldrich, 99.999% 

Sigma-Aldrich, 99.999% 

 

 

Organic salt 

Formamidinium iodide (FAI) 
GreatCell Solar, 99% 

Formamidinium bromide (FABr) GreatCell Solar, 99.99% 

Methylammonium iodide (MAI) Sigma-Aldrich 

Methylammonium bromide (MABr) GreatCell Solar 

Methylammonium chloride (MACl) GreatCell Solar, >99% 

 

Electron 

transport layer 

Spiro-MeOTAD 
Lum-Tech 

Poly[bis(4-phenyl)(2,5,6-

trimentlyphenyl)amine (PTAA) 

Lum-Tech 

 
N,N-dimethylformamide (DMF) 

Sigma-Aldrich, Anhydrous 

99.8% 

 N,N-dimethylformamide (DMSO) Sigma-Aldrich, Anhydrous 

99.9% 

 
Chlorobenzene 

Sigma-Aldrich, 99.8% 

 Lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) 

4-tert-butylpyridine (4-tBP) 

Sigma-Aldrich, 99.95% 

trace metal basis 

Sigma-Aldrich, 99.95% 
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3.1.2 Perovskite solution preparation 

a. Rb0.03Cs0.07FA0.765MA0.135PbI2.55Br0.45 perovskite 

The multi-cation mixed-halide perovskite precursor solution was prepared by mixing 1.1 M 

FAI, 0.2 M MABr, 0.2 M PbBr2, and 1.2 M PbI2 in the 1ml mixed solvent DMF/DMSO with a 

volume ratio 4:1. The volumes of 30 µL RbI and 70 µL CsI in 1.3 M DMSO solutions were 

added to 1 mL of perovskite stock solution. Then, 144 µL of DMF and 36 µl of DMSO were 

added to the mixed solution and diluted to a final concentration of 1 M. 

b. Rb0.05Cs0.095MA0.1425FA0.7125PbI2Br perovskite 

To prepare the perovskite stock solution, 1.1 M FAI, 1.2 M PbI2, 0.2 M MABr and 0.2 M PbBr2 

were dissolved in 1 ml solvent of DMF/DMSO (4:1 vol/vol) mixture. Then, 30 µL RbI and 

70 µL CsI in 1.3 M DMSO solutions were added to 1 mL of perovskite stock solution. Finally, 

144 µL of DMF and 36 µl of DMSO were added to the mixed solution and diluted to a final 

concentration of 1 M. 

c. FAPbI3 perovskite with CsCl and MACl additions 

Pure FAPbI3 perovskite precursor solution (1 ml) was obtained by mixing 1.3 M FAI and 1.3 

M PbI2 in the DMF/DMSO (4/1 vol/vol). For CsCl incorporated perovskites, different amounts 

of CsCl powder were added to the FAPbI3 precursor solution to achieve different molar 

percentages of 5, 10 and 15%. For MACl incorporated perovskites, different amounts of MACl 

powder were added into the FAPbI3 precursor to achieve various molar percentages of 10, 20, 

30 and 40%.  

d. Cs-doped FAPbI3 perovskite 

To prepare the pure FAPbI3 precursor solution (1 ml), 1.3 M FAI and 1.3 M PbI2 were mixed 

in the DMF/DMSO (4/1 vol/vol). For different Caesium halides, CsX (X = I, Br) incorporated 

perovskites, 10 mol% of CsX + 10 mol% PbX2 powder were added to the FAPbI3 precursor 

solution. For CsCl, 10 mol% of CsCl was added into the FAPbI3 precursor. All the perovskite 

precursors were mixed well before use. 
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3.1.3 Transmission electron microscopy specimen preparation  

The OIMHP film was spin-coated onto the C film side (instead of Cu or Au side) of a Cu or Au 

TEM grid to obtain homogenous and uniform sample film as shown in Figure 3.1. The spin-

coating was conducted with a 2-step procedure consisting of 4000 rpm for 10 s (with 1000 rpm/s 

acceleration rate) and 6000 rpm for 25 s (with 6000 rpm/s acceleration rate), respectively. To 

speed up the crystallization rate, 150 µl of chlorobenzene is quickly dropped in the middle of 

the sample at 10 s before the program ends. Finally, the sample was annealed by a hotplate at 

100 °C for 30 min. The whole process was done inside a glove box with constant N2 flow.   

 

Figure 3.1. Schematic of perovskite thin film deposition on TEM Cu or Au grids using the 

solution method. 

3.2 Device fabrication and characterisation 

3.2.1 Device fabrication  

a. Substrate cleaning 

The substrates (ITO or FTO/glass) were cut into pieces with dimensions 1.45 × 1.25 cm and 

cleaned with detergent for 90 minutes, then ultrasonically cleaned with acetone, isopropanol, 

and ethanol for 15 minutes in each solvent sequentially. They were then UV Ozone treated for 

30 minutes before transferring to a N2 purging glove box immediately. 

b. Electron transport layer (ETL) 

The deposition of 70 nm cp-TiO2 layer on the pre-cleaned ITO/glass substrates was conducted 

by spin coating method using the titanium tetra-isopropoxide (TTIP) in isopropyl alcohol 

solution, with the spinning speed of 5000 rpm for 15 s, followed by annealing in air at 500 oC 
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for 30 minutes. Next, the substrate is coated with 100 nm of ms-TiO2 layer via spin-coating 

method using the solution of 30 NR-D TiO2 paste in ethanol (1:12 weight ratio) with the 

spinning speed of 5000 rpm. The samples are again calcinated in the air at 500οC for 30 minutes 

and then transferred to a N2-filled glove box.  

c. Perovskite thin film.  

The perovskite thin film was deposited on TiO2 layer coating on ITO/glass the substrates using 

two-step spin coating procedure. This technique can produce the perovskite films with better 

control of morphology and crystallization. After covering the substrate with perovskite 

precursor solution, the substrate was first rotated at a spin rate of 2000 rpm for 10 s (with the 

ramp rate of 1000 rpm/s) and then at a spin rate of 4000 rpm for 25 s (with a ramp rate of 1000 

rpm/s). During the second step, 150 µl of chlorobenzene is quickly dropped in the middle of 

sample 10 s prior to the end of the spinning program. Immediately after spin-coating, the 

substrates were placed on a hotplate and annealed at 100 0C for 30 minutes. 

d. Hole transport layer (HTL) 

The Spiro-OMeTAD solution was obtained by dissolving 72 mg Spiro-OMeTAD in 1 ml 

chlorobenzene. To enhance the p-type conductivity, 17.5 µL of Li-TFSI in 520 mg/mL 

acetonitrile and 28.5 µL of 4-tBp were added into the solution. Then, the Spiro-OMeTAD layer 

was deposited on the perovskite film by spin-coating at 4000 rpm for 30 s. After that, the coated 

substrates were dried overnight in a humidity-controlled box to ensure sufficient oxidation of 

the Spiro-OMeTAD film. 

To obtain the 1 ml PTAA solution, the powder was mixed in 10 mg/ml toluene with an additive 

of 7.5 µl Li-TFSI in 170 mg/ml acetonitrile and 4 µl 4-tBP. Again, the PTAA layer was spin-

coated on the perovskite film at 3000 rpm for 30 s with an acceleration rate of 3000 rpm/s.  

e. Electrode 

An Au contact with 100 nm thickness was evaporated on the surface of HTL by thermal 

evaporation via a shadow mask for a cell active area of 0.16 cm2. 
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3.2.2 Device characterisation 

a. J-V measurement 

All the J-V measurements of PSC devices were obtained from a solar simulator system one Sun 

condition (100 mW/cm2, AM 1.5G, 25 oC). A certified FraunhoferCalLab reference cell was 

employed to calibrate the light intensity prior to the measurements. For the reverse and forward 

scans, the voltage range was maintained at 1.25 V→−0.1 V and −0.1 V→1.25 V, respectively. 

Unless otherwise stated, all the measurements were done at a dwell time of 200 ms and a scan 

of 50 mV/s with a voltage step of 10 mV. 

3.3 Materials characterisation 

3.3.1 X-ray diffraction  

X-ray diffraction (XRD) is an effective instrument to characterize the chemical composition, 

crystalline structure, lattice parameters, strain, and physical properties of materials and thin 

films by studying the scattered intensity of an X-ray beam interacting with a specimen as a 

function of incident and scattered angle, polarization, and wavelength or energy. When an X-

ray beam is incident on a crystal, the beam can be scattered and diffracted by the electron clouds 

surrounding the atoms in the crystal as shown in Figure 3.2. Assuming d is the interplanar 

spacing of the crystal, diffracted beams from successive planes travel an extra length of 2dsin θ, 

where θ is the angle between the incident beam and diffracting plane. When this length is equal 

to an integer multiple of the wavelength of the X-ray (nλ), the constructive interference occurs 

and θ is known as the Bragg angle. Depending on the number of consecutive atomic planes in 

the crystal lattice (known as (h,k,l) in Miller notation), the effect of reflection will be cumulative 

and thus intensifies the constructive interference. In summary, the condition for constructive 

interference is satisfied by Bragg’s law as follows:[162] 

2dhklsin = nλ       

where dhkl is the interplanar spacing of the crystal,  is the angle of incidence of the two parallel 

rays, n is a positive integer, and λ is the beam wavelength. After recording and analysing 

diffracted beams by a detector, typical diffraction peaks are observed in the XRD pattern for 

different angles 2 with the peak intensity corresponding to particular crystal planes. 
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In this work, the crystal structure of as-fabricated perovskite films was analysed using 

a PANalytical X’pert Pro X-ray equipped with a Cu Kα1 source (λ = 1.5406 Å) and operated at 

45 kV and 40 mA at Research School of Physics – ANU. The divergence slit is 1/32º. We 

obtained the XRD patterns by scanning 2 angles with step size 0.01o and an integration time 

of 0.5 s per step at room temperature. 

 

Figure 3.2. (a) The working principle of powder X-ray diffraction and (b) photograph of the 

PANalytical X’pert Pro X-ray diffractometer. 

The CrystalDiffract software was used to calculate powder X-ray diffraction patterns 

for different perovskite compositions (MAPbI3, FAPbI3, PbI2) in cubic, tetragonal, and 

hexagonal phases. The simulation is obtained using a monochromatic radiation type with a Cu 

Kα1 source (λ = 1.5406 Å), a Gaussian peak function, and an instrument peak broadening of 

0.1o. 

3.3.2 Absorbance Characterization 

Absorbance and transmission measurements of various perovskite compositions were obtained 

with an Ultraviolet-Visible-Near-Infrared (UV-vis-NIR) Spectroscopy (Perkin Elmer Lambda 

1050 spectrophotometer) in integrating sphere mode at School of Engineering – ANU. 

3.3.3 Photoluminescence Spectroscopy 

Photoluminescence (PL) spectroscopy is an optical characterisation method for 

semiconductors. By exposing a light source such as a laser onto the semiconductor, the incident 
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photons can transfer their energy to excite electrons to the conduction band, creating holes in 

the valence band. The non-radiative recombination by emitting phonons or transferring energy 

to other particles, or radiative recombination of the excited electrons in the conduction band 

and holes in the valence band to generate photons can result in the emission of photons. In PL 

spectroscopy, the emitted photons are observed, from which information about the electron 

energy levels and carrier lifetime can be extracted. 

In this thesis, a custom built steady-state PL system with a PIMAX512 CCD camera 

and an ACTON spectrometer was used to analyse the PL spectra of perovskite films. The 

samples are excited by a 355 nm pulsed laser with a fluence of ~1 µJ/cm2 and a repetition rate 

of 1 kHz. A Horiba LabRAM HR Evolution system equipped with a time-correlated single-

photon counting (TCSPC) made by DeltaPro-DD at School of Engineering (ANU) was 

employed to measure the time-resolved photoluminescence (TRPL) decay. The samples are 

excited by a 508 nm diode laser (DD-510L, Horiba) with a pulse duration of 110 ps, fluence of 

~10 μJ/cm2/pulse, and a repetition rate of 312.5 kHz. All PL and TRPL measurements of 

OIMHP films on glass substrate were collected at room temperature and in air. 

3.3.4 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is an extremely powerful tool for studying the surface 

chemistry of solid materials, which has a basic principle based on the photoelectric effect as 

shown in Figure 3.3.[163, 164] XPS is a quantitative analysis technique, providing various 

information such as surface elemental composition, oxidation and chemical state of elements, 

or empirical formula of a compound. The average depth of XPS analysis is about 10 nm. XPS 

analysis is based on the interaction of a high energy X-ray beam with the sample surface. During 

XPS analysis, the core electron of an atom absorbs completely the energy of the X‐ray photon, 

so the electronic structure of the material can be studied. When the energy of photon is large 

enough, it can knock the core electron of an atom out of the sample surface, so-called a 

photoelectron. The ionisation energy of a core electron is a measure of its binding energy to the 

atom at the surface. 

Additionally, the surrounding environment of an element is also strongly related to the 

binding energy of core electron. As one atom can be bonded to various chemical species, the 

binding energy of its electron depends on the bonding arrangement. In XPS analysis, this 

variation in binding energy can be detected with the corresponding XPS peak shift, or known 
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as “chemical shift”, which can be employed to determine the chemical state of the element at 

the surface. This chemical shift is normally between 0.1 and 10 eV. Particularly, because the 

number of photoelectrons from an element is proportional to the atomic concentration of that 

element in the sample, XPS measurement can also be used to determine the elemental 

composition of a compound. 

 

Figure 3.3. Schematic figures showing the working principle of XPS measurement. (a) The 

photoelectron emission and a subsequent Auger de-excitation process with the different 

electronic energy levels. (b) The basic components of an XPS instrument. 

In this work, XPS has been used to study the surface chemistry of FAPbI3 perovskite 

with and without CsCl/MACl addition. XPS measurement was conducted with a SPECS 

(Berlin) machine at Flinders University in an ultra-high vacuum apparatus with base pressure 

of a few 10-10 mbar. Electrons from sample surface were excited with the Mg K line (12 kV, 

200 W) from a UHV non-monochromatic X-ray source and recorded by an electrostatic energy 

analyser.[165, 166] Survey scan and high-resolution scan were conducted at a pass energy of 

40 and 10 eV, respectively. The XPS peak intensity of various elements is normalized with the 
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atomic sensitive factor (ASF) before relative concentration is calculated.[167] The spectra were 

not calibrated as no sample charging was observed. The C-C/CH3 species was identified at 

about 284.8 ± 0.2 eV while C-N was fitted at 286.0 ± 0.2 eV. The sample temperature was 

maintained below 32 oC using cooling fans. 

3.4 Electron Microscopy 

3.4.1 Overview of Electron Microscopy  

Electron microscopy (EM) techniques, including SEM, TEM, STEM, CL, and EDS are 

powerful characterisation tools to analyse the morphology, crystal structure and microstructure 

of materials at the nano and atomic scale. The working principle of these techniques relies on 

the interaction of an electron beam with the specimen under test, which can produce a wide 

variety of signals as illustrated in Figure 3.4. 

 

Figure 3.4. The phenomena resulting from the interaction of the electron beam with the 

specimen. Adapted from [168]. 
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3.4.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a powerful and widely used instrument for 

investigating the surface morphology, microstructure, crystallography, elemental composition, 

other chemical and physical properties of material.[169] The resolution of a SEM depends on 

the instrument ranging from 500 nm to 1 nm. All SEM equipment consists of common 

components including an electron source/emitter/gun (thermionic, Schottky or field-emission); 

magnetic lenses used to condense and focus electron beam from the gun; electromagnetic coils 

to scan the electron beam across the specimen; a circular aperture to form a circular electron 

probe; a goniometer stage to allow sample to be moved; detectors to collect scattered electrons; 

electronic/computer system to display/record images and a vacuum system.  

 

Figure 3.5. A schematic diagram of working principle of SEM. Adapted from [170]. 

Figure 3.5 indicates the diagram of basic operation principle in SEM, which can be 

represented as a microscope column. In this column, at the top, an energetic electron beam is 

produced and accelerated by an electron gun composed of a cathode and an anode. Commonly, 

the SEM instrument operates at a high electron energy ranging from 0.1 to 30 keV. This electron 
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beam, after alignment as mentioned by apertures, electrostatic and/or magnetic lenses, and 

electromagnetic coils, will form a narrow and focused beam to scan on the surface of specimen 

in a raster (x-y) pattern. Finally, the finely modified beam will be focused on a series of closely 

spaced but discrete locations on the specimen for imaging (Figure 3.5). 

The secondary electrons (SEs) and back-scattered electrons (BSEs) are the most 

common signals used for imaging in SEM. All SEM images presented in this thesis were 

obtained using SE mode. 

a. Secondary electrons 

SEs are produced after being ejected from the specimen surface by incident electrons via an 

inelastic scattering mechanism. In the case of a metal, this inelastic scattering forces out weakly 

bound conduction band electrons. For the materials with ionic or covalent bonds, the beam of 

electrons ejects weakly bound valence electrons from surface atoms. The binding energy of SEs 

is ranging from 1-15 eV with respect to the original atoms. Typically, the electron beam has 

high energies from 0.1 to 30 eV. However, due to its low kinetic energy transfer, SEs are 

normally ejected from the sample surface with kinetic energies below 5eV. Therefore, SE 

signals can only characterize a few nanometres below the sample surface, and it provides details 

of the specimen surface topography. The surface tilt can significantly enhance the SEs emission 

and topographic contrast. The quantification of the SEs yield is calculated using the following 

equation: 

δ = NSE/NB, 

 where NSE is the number of secondary electrons emitted from the specimen and NB is the 

number of incident beam (primary) electrons.  

b. Backscattered electrons 

BSEs are produced when the electron beam interacts with the specimen and are backscattered 

within the specimen. The initial beam will lose a portion of its initial energy (E0) depending on 

the path length within the sample. Before escaping from the specimen surface, BSEs are 

scattered and deflected by the electric fields of the atoms in the specimen, but they still carry a 

large fraction of their incident energy intact. The BSEs coefficient (η) is quantified by the ratio 

of the number of backscattered electrons (NBSE) to the number of electrons that enter the 
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specimen (NB). The BSEs coefficient increases the topographic contrast (increasing tilt of 

surface) and composition contrast (increasing atomic number of target). In SEM 

characterization, BSEs can provide information about the chemical composition, 

crystallography, topography and atomic mass of the specimen. BSE images are sensitive to the 

atomic number of elements within the specimen. 

For PSCs, SEM has been widely employed to study the surface morphology of 

perovskite film as well as the cross-sectional view of the PSC device, in order to optimize the 

fabrication process.[171] In this study, the morphology and thickness of perovskite films were 

observed by the FEI Verios SEM instrument at Australian National Fabrication Facility (ANFF 

- ANU). In order to minimise the damage of OIMHP material under electron beam, we obtained 

the SEM images at low energy with 2 kV acceleration voltage and 25 pA probe current.  

3.4.3 Focused Ion Beam Time of Flight Secondary Ion Mass Spectrometry  

Time of flight secondary ion mass spectrometry (ToF-SIMS) is an effective analytical method, 

which enables the molecular and chemical composition analysis of material surfaces by 

identifying the secondary ions sputtered from the specimen with their time-of-flight. ToF-SIMS 

is widely employed to study various materials including semiconductors, metals, ceramics, 

polymers, inorganic materials, glass, and biomaterials. 

The operation principle of SIMS relies on the bombardment of high energy ions (1-25 

keV) onto the sample surface and then measuring the mass of ejected secondary ions. The 

transfer of energy from the primary ions to the surface atoms produces a collision cascade via 

the atomic collision mechanism. This amount of energy allows the surface atoms and molecular 

components to exceed the surface binding energy. Since the ejected particles, either neutral or 

charged, come from the top one or two atomic layers, SIMS is known to be very surface 

sensitive (Figure 3.6a).  

In some cases, some ions have the same energy but travel with different velocities 

because of the differences in mass. To analyse these, ToF mass spectroscopy is conducted by 

accelerating the generated ions and then measuring the flight time of each ion. In ToF-SIMS 

analysis, the secondary ions are extracted and collected to produce the mass spectra and map. 

The integrated peak intensity of any element, compound or isotope in their mass/charge spectra 

can be shown as an intensity map over the region of interest. Mass spectra, depth profiles (ion 
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intensity versus depth measurements) and ion (elemental or molecular) imaging are all outputs 

from a typical analysis. Here, the ToF-SIMS measurement is integrated into a focused ion-beam 

scanning electron microscope (FIB-SEM) system and referred to as FIB-ToF-SIMS. 

Unlike other elemental characterization techniques such as EDS, FIB-ToF-SIMS is 

capable of light element detection[172] and trace element mapping.[173] The finely focused 

ion beam of a FIB-SEM and the small information volume of SIMS analysis enables high 

spatial and depth resolution elemental maps (lateral resolution < 50 nm, depth resolution < 20 

nm) thus making this technique suitable for the analysis of PSCs. In order to minimize the 

sample damage when using FIB-ToF-SIMS analysis, the primary ions with lower energy (e.g. 

10 - 20 kV) should be employed. It should be noted that the low beam currents can only sputter 

a few hundreds of angstroms of materials from the specimen surface, therefore the mapped 

region was used for site-specific sample.  

 

Figure 3.6. A schematic diagram of the working principle of ToF-SIMS. Adapted from [174]. 
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In this work, elemental maps and depth profiles of multi-cation mixed-halide perovskite 

samples were examined by a Tescan Lyra3 FIB-SEM based ToF-SIMS (referred to as FIB-

ToF-SIMS) with a monoisotopic 69Ga ion source and fitted with a Tofwerks C-TOF detector at 

the John de Laeter Centre, Curtin University. Positive and negative ions were collected in 

separate analyses over 20 × 20 µm2 areas with the typical analysis depth being 600 nm 

(measured by SEM imaging of the edge of the analysis pit). To minimise layer mixing and 

elemental migration due to ion beam heating, the analysis was performed with a 20 kV ion 

beam energy and a 50 pA current. These conditions were the lowest energy and current possible 

whilst still achieving sufficient signal for analysis.  

3.4.4 Transmission Electron Microscopy  

TEM is one of the most effective instruments for the investigation and analysis of material 

microstructure. The TEM can be used to characterize the structural and chemical composition 

of specimens up to and including atomic resolution. In the TEM technique, a high energy 

electron beam is transmitted through a very thin specimen which is usually 0.05 – 0.4 μm thick. 

The interactions between the electrons and crystal reveal features regarding the morphology, 

composition, atomic contrast, crystal structure, grain boundaries and defects of the sample. The 

basic operation principle of TEM is shown in Figure 3.7. A TEM system includes an electron 

gun, condenser lens (at least two), condenser aperture, sample holder, objective lens, objective 

aperture, selected area electron diffraction (SAED) aperture, intermediate lens, projector lens 

(at least two) and an imaging system. The accelerating electrons from the electron gun first pass 

through the condenser lens with apertures which adjust the intensity and convergence angle of 

the electron beam.  

Figures 3.7a and b show the two common modes of TEM operation - imaging and 

diffraction, respectively.[175] The objective lens is one of the most essential lenses as it 

determines the quality of a TEM characterisation and sample information. Generally, the 

electron beam after passing through the objective lens will produce a diffraction pattern (DP) 

in the back focal plane (BFP) and an image in the image plane. By adjusting the strength of the 

current in the intermediate and projector lenses, either the diffraction pattern (BFP) or image 

(image plane) is projected on the screen. The objective aperture should be inserted during the 

alignment to enhance the image contrast. The sample region for diffraction analysis can be 

chosen using the SAED aperture. The intermediate and/or diffraction lens is used to control the 

magnification and camera length. 
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Figure 3.7. Schematic of lens setup for the TEM in (a) imaging and (b) diffraction mode. 

Adapted from [175]. 

a. Bright-field and dark-field imaging 

TEM imaging mode is conducted with an objective aperture, one of the most important 

apertures in TEM instrument. Several imaging modes are possible such as bright-field (BF), 

dark-field (DF) and centred dark field (CDF). BF images are most commonly used for 

crystalline materials. A BF image can be taken by inserting an objective aperture in the BFP of 

the objective lens to select the transmitted (direct) beam and remove the contributions of all 

diffracted beams to the image formation (Figure 3.8a). When we shift the aperture to collect the 

diffracted beam, a DF image is formed (Figure 3.8b). However, the quality of DF image is 

usually poor due to the aberration and astigmatism of the diffracted electron beam, which is far 

from the optic axis.[175] An improved technique is to tilt the incident illumination on the 

specimen so that the diffracted beam is along the optic axis and hence does not suffer from 
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spherical aberration. The dark field TEM pattern image formed in this way, is thus called a CDF 

image (Figure 3.8c).  

 

Figure 3.8. Schematic of the objective lens and objective aperture setup to produce (a) BF, (b) 

DF and (c) CDF image. Adapted from [175]. 

b. Selected Area Electron Diffraction Patterns 

For diffraction mode, a SAED aperture is inserted in the image plane of the objective lens and 

a virtual aperture is created in the plane of the specimen as shown in Figure 3.9. Basically, when 

the electron beam coming to the specimen surface, this virtual aperture only allows the electrons 

falling inside its selected dimensions to go through into the imaging system and contribute to 

the SAED pattern. In crystalline specimens, the wave nature of the electron beam, and the 

regular spaced atomic planes of crystal lead to diffraction. Diffraction will dominate scattering 

and nearly all scattered electron intensity will occur at discrete angles and from a diffraction 

pattern in the BFP. This occurs because scattering in an ordered array of atoms (crystal) results 

in constructive and destructive interference peaked at a precise angle, the spot in a diffraction 

pattern. 

SAED is an important tool in TEM, which is strongly useful to study the crystal structure 

of selected regions. For PSCs, the diffraction patterns of individual grains have been employed 
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to identify various crystal structures of perovskite materials, such as cubic, tetragonal, 

hexagonal and orthorhombic phases. In addition, SAED patterns can be used to calculate the 

interplanar distance by measuring the distance between relevant diffraction spots and taking the 

reciprocal of that distance. The crystal defects, for instance, twins, SFs, and grain boundaries, 

are also visible in the SAED patterns. 

 

Figure 3.9. Ray diagram showing SAED pattern formation. Adapted from [175].  

In this study, a JEOL 2100F FEGTEM instrument (located at the Centre for Advanced 

Microscopy, ANU) was operated at 200 keV to study morphology, crystal structure, 

microstructure and elemental composition of the perovskite film. In order to minimise the 

damage of OIMHP materials under electron beam, we employ the low-dose TEM technique 

with a dose rate of about 2 e Å-2 s-1 and rapid acquisition condition. The condenser aperture size 

is 40 μm, an exposure time is 0.5 seconds, a spot size of 3 to 5 was used (depending on the 

thickness of the specimen) and the beam was spread to reduce the dose rate. To enhance the 

contrast of BF-TEM images, the 20 μm objective aperture was used. The Gatan Orius SC200D 

(2k × 2k) diffraction camera was used to collect the SAED patterns and BF-TEM images. All 

TEM images and SAED patterns were recorded from the non-exposed regions of the sample. 

When collecting the SAED pattern, we used selected area aperture to select the region of 

interest. The yellow circle in BF-TEM images in Chapters 4, 5, 6, 7 indicates the area selected 

to collect the diffraction pattern. 

The SingleCrystal software was used to calculate diffraction patterns for different 

perovskite compositions (MAPbI3, FAPbI3, PbI2) in cubic, tetragonal, rhombohedral, and 
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hexagonal phases. The simulation is obtained using a beam voltage of 200 keV, a camera length 

of 1000 mm, a spot size of 0.02 1/Å and a crystal thickness of 100 nm. 

3.4.5 Scanning Transmission Electron Microscopy 

In scanning transmission electron microscopy (STEM), the electron is focused to an extremely 

small probe (within nanometer- and angström-size) and is scanned over the specimen by 

deflection coils. Two types of STEM images can be collected corresponding to the transmitted 

electrons that are used to create the image, including BF and DF images. STEM mainly use an 

annular detector to produce annular dark-field (ADF) images. The angular range of electrons 

falling onto this detector can be adjusted by changing camera length with the intermediate 

lenses in STEM mode. Another typical image can be obtained by STEM is high-angle ADF 

(HAADF) image, in which the annular detector only collects the Rutherford-like scattering 

electrons, i.e. the electrons are scattered under large angles by the specimen. Since the intensity 

of HAADF image is approximately proportional to the square of the atomic number (Z2) and to 

the thickness of the specimen, this type of STEM technique is also known as Z-contrast 

imaging, which is sensitive to both sample’s chemical composition and thickness. 

In this thesis, a JEOL 2100F FEGTEM system (located at the Centre for Advanced 

Microscopy, ANU) was used to obtain the HAADF-STEM image of the multi-cation mixed-

halide perovskite film in Chapter 4. 

3.4.6 Energy-dispersive X-ray Spectroscopy 

Energy-dispersive X-ray Spectroscopy (EDS) is a technique suitable for quantitatively 

analysing the chemical composition of target materials using X-ray signals emitted from the 

materials. EDS is a technique normally coupled with electron microscopes such as SEM or 

TEM which are equipped with an EDS spectrometer system. Basically, when the electron beam 

from an SEM or TEM system interacts with the solid material, X-rays are generated and emitted 

from the surface of the material, which can be detected by the EDS detector. These X-ray 

signals are transformed to voltage pulses by the detector, and then electronically translated into 

a signal in a specific channel in a computer-controlled storage system. The intensity of the EDS 

signal is displayed as a function of X-ray energies and EDS peaks intrinsic to the elements are 

used to determine the chemical composition of the material. 
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In this thesis, a JEOL 2100F FEGTEM system equipped with a JEOL solid-state 

detector (SSD) EDS system (located at the Centre for Advanced Microscopy, ANU) was used 

to obtain the element mapping of multi-cation mixed-halide perovskite films. The microscope 

is also capable of STEM imaging in DF and HAADF modes. 

3.5 Electron beam damage 

EM is one of the most powerful techniques for the investigation and analysis of the material 

microstructure. However, the specimens, especially beam sensitive materials including 

polymers, inorganic materials, and biological samples, may be damaged by the interaction with 

electrons, e.g. radiolysis, atomic displacement, knock-on damage or sputtering, and heating. 

The energy of the incident beam governs the damage level on the structure and/or the chemistry 

of the specimen. For instance, the radiation damage of organic and biological samples is mostly 

due to ionization (in which the samples absorb the amount of energy from 10 to 1000 eV per 

event) and plasmon excitations, which are mainly responsible for the sample heating.  

Furthermore, at different length scales, the damage mechanisms proceed differently: the 

distortion of crystal lattices due to the atomic displacement and knock-on damage can be 

observed at a resolution of less than a nanometer; while the changes in morphology because of 

surface heating, sputtering, and electrostatic charging are observed in the nanometer and 

micrometer scales. Therefore, electron beam damage is known as a physical limit and is the 

factor determining the achievable artefact free resolution in the characterization of beam 

sensitive materials by EM. The analysis and understanding of beam damage are important to 

facilitate the investigation of these beam sensitive materials with the minimum amount of 

damage. Figure 3.10 shows one of the electron beam damage classifications according to the 

elastic and inelastic scattering. 
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Figure 3.10. Classification of electron beam damage corresponding to the type of electron 

scattering and the effects produced in the sample. Adapted from [176]. 

3.5.1 Radiolysis 

Radiolysis originates from the electronic excitation and ionization of the sample in electron-

electron interactions in inelastic scattering process. This damage can lead to the breaking of 

chemical bonds within certain materials and atomic displacements. Organic and polymer 

samples have high sensitivity to the electron-electron interaction because the chemical bonds 

in these materials can be easily broken, resulting in a new structure. The basic structure of 

polymer materials can be modified when the electrons destroy the polymer chain. The side 

groups of such polymer also can be broken off under the effect of electrons, forming reactive 

free radicals which can crosslink with each other to create a new structure. If the polymer 

samples have crystalline structure, the radiation damage can destroy its crystalline structure, 

and this can be quantified by measuring the loss of diffraction contrast during imaging or the 

loss of sharp peak in the diffraction pattern.[175] 

There are various methods can be used to minimize beam damage in organic and polymer 

samples:[175] 
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- Use of low-dose image techniques. Electron dose in TEM is defined as the charge density 

(C/m2), which can be converted to the number of electrons/unit area (usually e/nm2) with e = 

1.6 × 10-19 C.  

- Sample coating with metallic film. 

- Sample cooling to or below liquid N2 temperatures if possible. 

- Employing low-dose STEM imaging with highly sensitive electron detectors. 

3.5.3 Electron beam heating 

When the electron beam with high energy bombards a specimen, the temperature of the 

specimen can increase due to inelastic scattering between the incoming electron and particles. 

Photons can also heat the sample, and this is the main damage mechanism for polymers and 

biological tissue. In practice, it is difficult to quantify the sample heating since the result can be 

varied and affected by many factors, such as the sample’s thermal conductivity, thickness, and 

surface condition, or the size, energy and current of electron beam. For a sample with very high 

thermal conductivity, heating can be ignored. However, for the low thermal conductive sample, 

heating can be quite remarkable. For instance, beam heating for metallic sample is normally 

very tiny but extremely high for small ceramic particles, may be up to temperatures of ~1700 

ºC. 

Beam heating is one of the issues in the TEM at high incident currents. The level of 

heating depends on the condenser-lens aperture and the diameter of electron probe. With the 

same incident beam current, the temperature increase involved in STEM imaging technique 

should be lower compared to that in TEM imaging.[176] SEM imaging normally uses a bulk 

sample so the heat flow is dispersed in three dimensions and the temperature increment is quite 

small. However, if an organic thin film on a TEM Cu grid is loaded for SEM imaging with an 

incident energy ranging from 500 eV to 2 keV, the local temperature can rise up to few hundred 

degrees for a stationary probe.[177] Beam damage and heat are the main consequences of 

inelastic scattering process and can be disastrous for all kinds of TEM specimens under certain 

conditions. To reduce the heat transfer effect, we can cool down the sample, use lower voltages 

and thinner specimens.[175] 
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3.5.4 Knock-on damage and sputtering 

In high-voltage TEM, the damage in inorganic crystal samples can be classified into two basic 

forms: knock-on atomic displacement or ionization. The “knock-on damage” happens via 

electron-nucleus scattering for crystalline solid samples. This kind of damage causes the 

displacement of atoms and leaves point defects in the crystal lattice. The “knock-on damage” 

is called “sputtering” if atoms are ejected from the sample surface. When the incident electron 

energy is higher than the displacement energy of elements within the characterized material, 

we normally can observe the atomic displacement.[178] The knock-on and sputtering damages 

may appear in all materials if the accelerating voltage is high enough, which can change the 

surface chemistry or produce non-characteristic crystal defects in the sample. 

For metallic samples, knock-on atomic displacement is the primary damage.[175] 

Because of the momentum conservation, only a small amount of incident electron beam energy 

is absorbed by a nucleus. With that, even the binding energy of lattice atoms is quite small (~5–

60 eV), and a high electron beam energy is required to remove an atom from its original position 

in the lattice. Therefore, knock-on atomic displacement can be avoided by using an incident 

electron beam energy lower than the incident-energy threshold of the characterized material. 

3.6 Electron beam damage in OIMHP materials  

OIMHP materials are known to be unstable under a wide range of conditions, such as exposure 

to air, moisture, heat, UV, and electron beams.[179, 180] The morphological, structural, 

chemical, and optical properties of metal halide perovskites can be dramatically changed under 

a high-energy electron beam exposure via three main mechanisms of phase transformation, 

defect formation, and/or material decomposition.[180] The structure of perovskite materials 

undergoes complicated phase transformation under the exposure of electron beam. Chen et al. 

investigated the structural instability of the MAPbI3 single crystals by TEM and observed that 

MAPbI3 is extremely sensitive to the exposure of electron beam and quickly decomposes into 

the PbI2 phase.[13] MAPbI3 perovskite starts to decompose into hexagonal PbI2 structure under 

total electron irradiation dose of 150 eÅ-2.[13, 181] Another study demonstrated that the 

structure and composition of MAPbI3 perovskite change with increasing electron dose.[12] 

Manekkathodi et al. used in-situ TEM to observe the structural phase transition and the 

formation of hexagonal PbI2 phase during degradation of Cs0.05MA0.10FA0.85Pb(I0.85Br0.15)3 
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perovskite under electron beam exposure.[182] The mechanisms of electron beam damage in 

perovskite materials vary with the material composition. 

A long electron beam exposure may result in the disappearance of diffraction spots, 

striped twin domains, and SFs. Figure 3.11 shows BF-TEM images of Cs doped perovskite film 

under a weak beam expose. The contrast of some grains slightly changed under a weak beam 

exposure. The twin domain started to damage after 2 mins of exposure and disappear after 3 

mins of weak electron beam exposure. Moreover, Figure 3.11d illustrates the appearance of the 

cracks at grain boundaries of perovskite films and the uniform darker contrast. 

 

Figure 3.11. BF-TEM images of the same region of FAPbI3 perovskite films with CsX 

additions after low dose electron beam exposure with a dose rate of about 2 e Å-2 s-1 for (a) 

brief, (b) 1 min, (c) 2 mins and (d) 3 mins. 

There are several ways to reduce the damage of metal halide perovskite under electron 

beam. One is to set low accelerating voltages and have a low-energy electron beam during 

measurements. However, the spatial resolution when using these parameters is certainly low. 

The second method is to employ a low-dose electron beam technique. Reducing electron dose 

would of course decrease the amount of electron signal but this method is very useful to 

minimize all three types of beam damage. Recently, the development in aberration-corrected 

STEM and relevant in-situ electron spectroscopy methods, together with the developments of 

different low-dose techniques, have facilitated the fundamental investigation of the 

microstructure, atomic structure and functionality information of metal halide perovskites and 
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associated optoelectronic devices. In this thesis, to minimise the damage of halide inorganic-

organic perovskite material under electron beam, a low-dose TEM technique with a dose rate 

of about 2 e Å-2 s-1 and a rapid acquisition condition was employed. All TEM images and SAED 

patterns were recorded from the non-exposed regions of the sample. 
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Chapter 4. Chemical and Structural Properties 

of Multi-cation Mixed-halide Perovskite 

This chapter aims to describe the impact of 

Rb+, Cs+ cations on the microstructure, 

crystal structure, and elemental 

composition of multi-cation mixed-halide 

perovskite. Our time-of-flight secondary ion 

mass spectrometry results reveal that Rb+ 

and Cs+ cations were typically segregated 

at the grain boundary of perovskite film as 

a discrete Rb, Cs-rich phase. However, Cs+ cation was also found to be incorporated into the 

perovskite structure. Our electron diffraction studies show the visibility of forbidden reflections 

in the electron diffraction patterns. We propose that these forbidden reflections are a direct 

result of the perovskite structure and attribute them to superlattice reflections. Furthermore, 

we show evidence for the coexistence of cubic and tetragonal phases in the diffraction patterns 

at room temperature. The results presented in this research offer additional insight into the 

cation incorporation in mixed halide perovskite materials. 

 

4.1 Introduction 

PSCs have demonstrated a breakthrough in PCE, making them the fastest developing solar cell 

technology in history. However, a common problem is the stability of PSCs under the influence 

of light, moisture, and heat, which is a primary obstacle to its potential for commercialization. 

It has been reported recently that the introduction of inorganic cations, e.g. rubidium (Rb) and 

caesium (Cs), can remarkably enhance the device stability and PCE of PSCs.[85, 86, 91, 183-

192] With the insertion of Rb- and Cs-atoms in the OIMHP, a different perovskite structure 

may be obtained because of the smaller atomic radius of Rb+ (152 pm) and Cs+ (167 pm) cations 

in comparison with MA+ (217 pm) and FA+ (253 pm) molecular cations. Moreover, a small 

amount of Rb+ and Cs+ cations mixed with MA+ or FA+ cations can change the tolerance factor, 
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resulting in a stability improvement of the photoactive perovskite phase over an extended 

temperature range.[91, 193] For example, Turren-Cruz et al. reported a device based on the 

RbxCsyFA(1–x–y)PbI3 structure with a polymer-modified layer, which demonstrated excellent 

stability for up to 1000 hours in a nitrogen atmosphere at room temperature.[190]  

However, the interaction between various cations and halides becomes more 

complicated with every additional component to the perovskite formation. Hu et al. employed 

EDS and in situ XRD to demonstrate that the incorporation of Cs+ cation into the multi-cation 

mixed-halide perovskite structure causes a lattice contraction and stabilization of the 

photoactive perovskite phase.[193] Moreover, the formation of non-perovskite phases is 

induced by the addition of Rb+ ions.[85] However, EDS analysis is generally not able to 

differentiate between Cs and I characteristic X-ray peaks as they overlap with each other and is 

limited by the energy resolution of the EDS detector. Yadav et al., using impedance 

spectroscopy and analysis of dark J-V characteristics, found that the incorporation of Rb+ in the 

perovskite films can reduce trap-assisted recombination and thus increase their 

conductivity.[194] Until now, the influence of Cs+ and Rb+ cations on the crystal structure of 

perovskite materials and their optoelectronic properties and stability have not been elucidated 

yet. 

Another key issue is that the investigation on morphology, microstructure, elemental 

composition, and electronic structure of PSC materials has not been completely and 

systematically reported. This is partly due in some cases to the sensitivity of OIMHP materials, 

in particular MAPbI3, to electron beam damage during TEM studies.[12, 149, 154, 195-197]  

Within the literature, there are several inconsistencies between the experimental diffraction data 

and the visibilities of allowed reflections expected from their respective space groups. Kim et 

al. observed the coexistence of cubic and tetragonal phases in a MAPbI3 film at room 

temperature, but very few SAED patterns published previously for these perovskite compounds 

are consistent with the simulation results on both tetragonal and cubic phases.[95, 154] For 

instance, the reflections of (110) and (020) planes in tetragonal structure are typically visible in 

XRD measurements. Yet, these diffraction spots along the [001] zone axis are clearly absent in 

the electron diffraction patterns, and this anomaly was ascribed to the low electron diffraction 

intensity of organic-inorganic halide components.[198-200] It has been reported that some of 

the issues encountered with pure MAPbI3 and FAPbI3 perovskites can be resolved by mixing 

them within the same perovskite structure.[194, 201-204] In general, the microstructure and 
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atomic structure studies on MAPbI3, FAPbI3 and mixed perovskites still lack adequate and 

systematic information to clarify the origin of their high performance and poor stability. 

In this chapter, we explore the impact of inorganic cations such as Rb+ and Cs+ on the 

morphology, crystal structure and chemical composition of perovskite materials. We performed 

an extensive study on the Rb0.03Cs0.07FA0.765MA0.135PbI2.55Br0.45 hybrid perovskite compound 

which has shown significantly enhanced efficiency and stability.[205] In order to understand 

the origin of the high performance PSCs fabricated from this perovskite layer, we deposited 

simultaneously the perovskite film on substrates (for solar cell application) and TEM grids for 

parallel microstructural analysis of this layer. Though the crystal structure of that perovskite 

compound was previously unknown, we use a combination of XRD, TEM and electron 

diffraction simulation to determine its crystal structure. Moreover, we determine the chemical 

composition of this perovskite materials using EDS mapping in STEM mode and FIB-ToF-

SIMS.[206] The latter involves multi-modal correlative microscopy combining FIB, SEM and 

SIMS. Our results establish the coexistence of both cubic and tetragonal crystal structures 

within the mixed perovskite structure as well as the 3D chemical composition of this multi-

cation mixed-halide perovskite material, showing Rb+ segregation within the perovskite layer. 

4.2 X-ray diffraction pattern of multi-cation mixed-halide perovskite 

To illustrate the subtle difference between the cubic and tetragonal structures, we refer to the 

simulation XRD pattern of MAPbI3 for cubic and tetragonal structures. We use the subscripts 

“t” and “c” to represent the index in the tetragonal and cubic structure, respectively. In the XRD 

simulation of tetragonal MAPbI3, the following diffraction peak positions are very close to each 

other namely, (002)t/(110)t, (112)t/(020)t, (004)t/(220)t, (114)t/(130)t (Figure 4.1a). While this 

can be separated in the simulation, it is hard to distinguish these in the experimental data as 

shown in Figure 4.1b because the experimental Bragg peak is wider than the ideal simulation 

peak. This depends on the optics of the XRD system used for the analysis. In addition, the 

following diffraction peaks are coincident in the simulated patterns namely (002)t/(001)c, 

(112)t/(011)c, (004)t/(002)c or (114)t/(012)c. It is impossible to separate these reflections in the 

experimental XRD pattern. To distinguish between the cubic and tetragonal phases, we look at 

the ratio of the peaks at 13.9º and 19.8º which can be assigned (002)t/(001)c and (112)t/(011)c 

respectively. For a cubic phase, the 19.8º peak is more prominent while for the tetragonal phase, 

the 13.9º peak is the dominant peak. The experimental XRD for MAPbI3 clearly shows a 
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dominant peak at 14º, consistent with the tetragonal phase. Furthermore, the peaks at 30.5 and 

37.5o cannot be indexed to cubic phase and can only be attributed to the (123) and (213) planes 

of the tetragonal structure, respectively.  

The experimental XRD pattern of the multi-cation mixed-halide perovskite films is 

shown in Figure 4.1b. All the diffraction peaks mostly belong to the perovskite tetragonal phase. 

The strongest peak at 14.1º corresponds to the (110)/(002) orientations of the black perovskite 

phase. Moreover, the typical diffraction peaks of perovskite film at the 2θ values of 20, 24.5, 

28.5, 30.5, 32, 35 and 40.5º can be clearly observed, corresponding to (112)/(200), (202), 

(220)/(004), (213), (310), (312) and (224)/(400) planes, respectively. The small peaks at 10.3 

and 27.1o are likely related to a Rb-rich phase. This is consistent with XRD patterns for the 

RbPbI3 phase with (110), (002) and (221) peaks at 10.03, 10.20 and 27.1º, respectively.[207, 

208] With the addition of MA and FA, the peaks at 12.6 and 11.6º corresponding to PbI2 and 

the non-perovskite δ-FAPbI3 are not observed in this study. Therefore, our results suggest that 

a small amount of Rb+ and Cs+ cations mixed with halide lead perovskite can control the amount 

of excess PbI2
 and make the black perovskite phase stable at room temperature.  

 

Figure 4.1. (a) Simulation XRD patterns of MAPbI3 for cubic and tetragonal structures. (b) 

Experimental XRD pattern of the multi-cation mixed-halide perovskite film at room 

temperature.  

However, in XRD analysis of MAPbI3 materials, some diffraction peaks cannot be 

separated, for example, (110)t/(002)t or (112)t/(200)t (Figure 4.1b). This can be separated in the 

simulation result (see Figure 4.1a) but is hard to distinguish them in an experimental 

observation. Furthermore, for the diffraction peaks that already overlap each other in the 



70 
 

simulated patterns, such as (110)t/(100)c, (112)t/(110)c or (202)t/(111)c, it is easy to predict that 

those reflections cannot be separated in the experimental XRD measurement.[209] Thus, it is a 

challenge to distinguish between the cubic and tetragonal phases using XRD measurement at 

room temperature.  

4.3 Morphology of multi-cation mixed-halide perovskite 

Figures 4.2a-b illustrate the top-view SEM images of a perovskite film which is spin-coated on 

a carbon-coated copper TEM grid, respectively. In Figure 4.2b, it can be observed that the as-

fabricated perovskite film exhibits a finely structured surface with many grains in different 

shapes and sizes, varying in the range of 100-500 nm. The bright particles in both top-view and 

cross-sectional SEM images can be attributed to the presence of the Rb, Cs-rich phase because 

of their high atomic number. The thickness of the multi-cation mixed-halide perovskite film on 

the TEM copper grid was measured to be 100 to 300 nm from the cross-sectional SEM images 

(Figure 4.2c). 

 Figure 4.2d shows the low magnification BF-TEM image of multi-cation mixed-halide 

perovskite film at room temperature. Relatively large perovskite grains with uniform contrast 

are observed in the capping layer. High angle annular dark-field (HAADF) STEM imaging is 

sensitive to Z-contrast.[175] The HAADF-STEM of the perovskite film in Figure 4.2e shows 

some bright particles (due to a high atomic number) mostly distributed at grain boundaries 

(Figure 4.2e). Thus, Rb may form the particles near the grain boundaries, which appear bright 

under the SEM and dark-field STEM image. 
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Figure 4.2. (a) Low magnification SEM image and (b) SEM image of the surface morphology 

of the multi-cation mixed-halide perovskite film on a carbon-coated Cu/Au TEM grids. (c) 

Cross-sectional SEM image of multi-cation mixed-halide perovskite film on TEM Cu/Au grid. 

(d) BF-TEM image and (e) HAADF-STEM image of the multi-cation mixed-halide perovskite 

film. 

4.4 Elemental composition of multi-cation mixed-halide perovskite 

To determine further the influence of Cs+ and Rb+ cations on the multi-cation mixed-halide 

perovskite structures, HAADF imaging in STEM mode, EDS spectrum and mapping were 

conducted and shown in Figure 4.3. The STEM-EDS mapping of Rb, Cs, C, N, Pb, I, and Br 

indicates a similar distribution as compared to the HAADF-STEM image, which implies the 

homogeneous distribution of those elements (except for Rb and Br) in the perovskite crystals 

and the uniform incorporation of Cs into the multi-cation mixed-halide perovskite grains. The 

bright particles in the HAADF-STEM image (Figure 4.3a) and corresponding increase in Rb 

content in the EDS maps reveal the formation of segregated Rb-rich domains. An increase in 

Br content is also detected within the bright particles, Rb-rich domains. However, it is difficult 

to separate the Cs and I energy peaks as they overlap with each other in EDS analysis. For 

instance, the LI, Ln, Lα1 peaks of Cs are overlapped with the Ln, Lα1, Lβ1 peaks of I. The 

corresponding energies are 3.793, 4.141, 4.285 and 3.779, 3.936, 4.219 keV. Therefore, 
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alternative analysis was required to determine the nature of Rb+ and Cs+ cations incorporation 

within the OIMHP structure. 

 

Figure 4.3. (a) HAADF-STEM image with (b) overlay of EDS maps of the multi-cation mixed-

halide perovskite film and as labelled EDS maps of the same region shown for Rb (green), Cs 

(red), C (blue), N (grey), Pb (cyan), I (magenta), Br (yellow) at room temperature. (c) EDX 

spectrum of the multi-cation mixed-halide perovskite film. 
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In this case, using FIB-ToF-SIMS analysis can overcome the limitation of EDS. The 

significant advantage of FIB-ToF-SIMS is that the interaction volume of the secondary ions is 

smaller than the interaction volume of X-rays generated by electron beam. Therefore, this 

method provides various advantages over more traditional microanalytical techniques such as 

EDS including higher sensitivity and better resolution as well as the ability to detect light 

elements which is not possible using X-ray based methods. Mass spectra, depth profiles (ion 

intensity versus depth measurements) and ion (elemental or molecular) imaging are all outputs 

from a FIB-ToF-SIMS analysis. In principle, the number of ions of each species is reflected by 

the integrated intensity of the peaks corresponding to that element. Figure 4.4a and b show the 

typical mass spectra of multi-cation mixed-halide perovskite for positive and negative ions, 

respectively. A strong Rb, Cs, Pb peaks and the presence of MA, FA are observed, as well as 

Si, gallium isotopes from the substrate and primary ion source (Figure 4.4a). A strong I and Br 

peaks are observed in Figure 4.4b. 

 

Figure 4.4. Mass spectra of the multi-cation mixed-halide perovskite film with (a) positive ions 

and (b) negative ions. The primary ion source is monoisotopic 69Ga. 

The Rb, Cs, Pb, MA and FA maps were collected as positive ions. The Br and I maps 

were collected as negative ions. SEM imaging was conducted using secondary electron detector 

before and after analysis to correlate the surface textures with the SIMS maps. Figures 4.5a, b 
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show the SEM images of the areas analysed for positive ions and negative ions respectively 

before analysis. The maps corresponding to the same regions have consequently been labelled 

a1-a5 for the region shown in Figures 4.5a and b1, b2 for the region shown in Figure 4.5b. The 

following ions were identified in the mass spectra and used for the SIMS maps: Rb (85 u 

(unified atomic mass unit)), Cs (133 u), Pb (208 u), MA (32 u), FA (45 u), I (127 u) and Br (79 

u). 

 

Figure 4.5. (a) Top-view FIB-SEM image for the positive ion beam maps with corresponding 

top-view FIB-ToF-SIMS ion maps of (a1) Rb (85 u), (a2) Cs (133 u), (a3) Pb (208 u), (a4) MA 

(32 u), (a5) FA (45 u). (b) Top-view FIB-SEM image for negative ion maps with corresponding 

FIB-ToF-SIMS ion maps of (b1) I (127 u), and (b2) Br (79 u). The colour scale denotes the 

signal intensity for the particular ion for each map. 
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The FIB-ToF-SIMS results were consistent with the TEM-EDS data described earlier 

and gave additional insights into the composition of the bright particles in the HAADF-STEM 

and SEM images. The primary distribution in the perovskite film is composed of MA, FA, Pb, 

I and Br. The secondary phase, identified in the SEM images as bright particles (Figure 4.2b), 

is rich in Rb, Cs, I and Br. Thus, the secondary phase is depleted in organics and Pb compared 

to the primary phase and SEM imaging indicated that it has higher than average atomic number 

(hence brighter in SEM imaging). And most importantly, the FIB-ToF-SIMS analysis indicates 

that Rb+ cation was obviously not incorporated into the perovskite crystal structure whereas Cs+ 

cation was incorporated into the perovskite structure. In detail, using an analysis region of bright 

particles with positive ion beam shown in Figure 4.6a, it can be observed the remarkable peak 

intensity of Rb, Cs in both mass and depth profile spectra, while the Pb signal is negligible. 

When analysing out of that bright particle region, only the signals of Cs, Pb can be detected, 

but not for Rb (Figure 4.6b). For negative ion map in Figure 4.7, the signals of I and Br can be 

observed on the entire film but are much stronger in the region of bright particles. These results 

clearly demonstrate the segregation of Rb, Cs with the formation of a Rb and Cs-rich phase in 

the perovskite film. A lower peak intensity of Cs was also observed on the outside of the bright 

particle, implying the incorporation of Cs cation into the perovskite structure (Figures 4.6 d-f). 

 

Figure 4.6. Site specific mass spectra and depth profiles extracted from the matrix and 

inclusions with positive ion beam. (a) Site specific FIB-ToF-SIMS ion map of bright particles. 

(b) Site specific mass spectra extracted from the matrix (bright particle): the Rb and Cs peaks 

show very high intensity, demonstrating the Rb and Cs-rich phase. (c) Site specific depth profile 

extracted from the matrix. (d) Site specific FIB-ToF-SIMS ion map of perovskite film (outside 
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bright particle). (e) Site specific mass spectra extracted from the matrix: the I and Br peaks 

show lower intensity. (f) Site specific depth profile extracted from the matrix of perovskite film. 

 

Figure 4.7. Site specific mass spectra and depth profiles extracted from the matrix and inclusion 

with negative ion beam. (a) Site specific FIB-ToF-SIMS ion map of bright particle. (b) Site 

specific mass spectra extracted from the matrix (bright particle): the I and Br peaks show very 

high intensity, demonstrating the I and Br-rich phase. (c) Site specific depth profile extracted 

from the matrix. (d) Site specific FIB-ToF-SIMS ion map of perovskite film (outside bright 

particle). (e) Site specific mass spectra extracted from the matrix: the I and Br peaks show lower 

intensity. (f) Site specific depth profile extracted from the matrix of perovskite film. 

Figures 4.8a, b show the cross-sectional FIB-SEM images of the areas analysed for 

positive ions and negative ions, respectively. The cross-sectional FIB-ToF-SIMS maps 

corresponding to the same regions have consequently been labelled a1-a5 for the region shown 

in Figures 4.8a and b1, b2 for the region shown in Figure 4.8b. In contrast to top-view FIB-ToF-

SIMS maps showed above, these maps provide important information on how all elements 

distribute on the entire bulk structure of perovskite film. It can be confirmed the homogeneous 

distribution of most elements in the cross-sectional view (except for Rb) and the uniform 

incorporation of Cs and Br into the multi-cation mixed-halide perovskite film. In agreement 

with the top-view observation, Rb+ cation was obviously not incorporated into the perovskite 

crystal structure. The segregation of Rb, Cs with the formation of a Rb and Cs-rich phase in the 

perovskite film was also observed. 
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Figure 4.8. (a) Cross-sectional FIB-SEM image for the positive ion beam maps with 

corresponding cross-sectional FIB-ToF-SIMS maps of (a1) Rb (85 u), (a2) Cs (133 u), (a3) Pb 

(208 u), (a4) MA (32 u), (a5) FA (45 u). (b) Cross-sectional FIB-SEM image for negative ion 

maps with corresponding cross-sectional FIB-ToF-SIMS maps of (b1) I (127 u), and (b2) Br (79 

u). The colour scale denotes the signal intensity for the particular ion for each map. 

There are some reports in the literature with the distribution of Rb cation in the 

perovskite films. Our results are consistent with the evidence from XRD measurements for a 

Rb-rich phase.[193] Kubicki et al. proposed that Rb can separate into RbPbI3, RbCsPbI3, or a 

mixture of Rb halides, mixed Rb-Cs lead iodide, and various rubidium lead bromides (in 

Rb/Cs/MA/FA systems with Br and I).[210] In our study, since the perovskite film contains Br 

and I-rich phases, the Rb and Cs-rich phase can be proposed to be a mixed-halide structure 
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(RbCsI/Br) at the grain boundaries of the perovskite film. We suggest that the Rb, Cs-rich phase 

acts as a passivation layer, leading to the improved stability and performance of multi-cation 

mixed-halide perovskite.[210] 

4.5 Microstructure and crystal structure of multi-cation mixed-halide 

perovskite 

Figures 4.9a-c present low magnification BF-TEM images of the polycrystalline multi-cation 

mixed-halide perovskite film spin-coated on the carbon film side of TEM Cu/Au grids. Their 

corresponding SAED patterns obtained from a single grain highlighted with the yellow circles 

in Figures 4.9a-c are shown in Figures 4.9d-f. The first-order, second-order, and third-order 

diffraction spots can be clearly distinguished, demonstrating the excellent crystalline quality of 

the multi-cation mixed-halide perovskite film. In addition, Cs and Br are incorporated in the 

perovskite structure in a way that makes the diffraction spots more obvious. The three SAED 

patterns shown in Figures 4.9d, e, f correspond to the zone axes of [100]t, [010]t and [110]t, 

respectively. They are consistent with the calculated electron diffraction patterns of the 

tetragonal crystal structure using SingleCrystal software from CrystalMaker (Figures 4.10a-c). 

However, the SAED patterns are equally consistent with the calculated electron diffraction 

patterns for a cubic crystal system with Pm3̅m space group along the [110], [101] and [010] 

zone axes (Figures 4.10g-i). Likewise, in Figures 4.9d-e, the observed (004), (040), (04̅4̅), 

(4̅00), and (206) reflections assigned to the tetragonal phase can be indexed to (002), (2̅20), 

(22̅2̅), (2̅02), and (13̅1̅) reflections for the cubic phase (Figures 4.9g, h), respectively. The 

(22̅0), (2̅24) planes in the tetragonal phase are also equivalent to (200), (2̅02) in the cubic phase 

as shown in Figures 4.9f, i. Based on these results, it is difficult to distinguish between the cubic 

and tetragonal phases from the diffraction patterns along these orientations.  
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Figure 4.9. (a-c) BF-TEM images of multi-cation mixed-halide perovskite. Experimental 

SAED patterns of multi-cation mixed-halide perovskite material at room temperature for three 

different zone axes indexed with equivalent tetragonal (t) and cubic (c) indices namely (d) 

[100]t and (g) [110]c, (e) [010]t and (h) [101]c, (f) [110]t and (i) [010]c.  

In order to distinguish between the cubic and tetragonal phases, the atomic models for 

both structures were defined in the CrystalMaker software using identical PbI6 octahedra. The 

A cations are located in the cage made by four neighbouring PbI6 octahedra and the main 

difference between the two crystal structures is the arrangement of MA/FA or other A cations 

within the cage. Figures 4.10d-f illustrate the atomic arrangements along different zone axes 

[100], [010] and [110] of tetragonal phase whereas Figures 4.10j-l show the atomic structure of 
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the cubic phase along the equivalent zone axes [110], [101], and [010] for comparison. As 

described earlier, in the tetragonal phase, the PbI6 octahedra are tilted about the c-axis compared 

to the cubic phase. However, the octahedral tilt is not visible along these two sets of 

orientations. This demonstrates that these orientations are not suitable for differentiating 

between these two crystal structures in agreement with the experimental results described 

above.  

 

Figure 4.10. Simulated electron diffraction patterns of tetragonal structure for different zone 

axes (a) [100]t, (b) [010]t, and (c) [110]t compared to equivalent zone axes in cubic phase (g) 

[110]c, (h) [101]c and (i) [010]c, respectively. Atomic structure models of tetragonal phase for 

three different zone axes (d) [100]t, (e) [010]t and (f) [110]t compared to equivalent zone axes 

in cubic phase (j) [110]c, (k) [101]c and (l) [010]c, respectively.  

To understand and design precisely the property-controlled perovskite materials, it is 

essential to identify the change in atomic locations that occurs during phase transitions. The 

tetragonal to cubic phase transition can be clearly illustrated by SAED analyses. The cubic 

phase has entirely non-tilted PbI6 octahedra and according to the Glazer notation, the unit cell 
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can be simply ascribed to a cube enclosing one octahedron. However, the tetragonal phase has 

an a0a0c- configuration with tilted octahedra about the c axis such that adjacent layers in the c 

direction are out-of-phase. This doubles the unit cell in the c-direction. Thus, with a phase 

transition from cubic to tetragonal, this doubling of the unit cell dimensions will result in a half 

periodicity in the reciprocal space along the c-direction.  

However, if both tetragonal and cubic phases are present, the diffraction spots arising 

from both phases would be visible. Figures 4.11a-c show the BF-TEM image of multi-cation 

mixed-halide perovskite film at room temperature. Their corresponding SAED patterns 

obtained from a grain highlighted with the yellow circles in Figures 4.11a-c are shown in 

Figures 4.11d-f. These SAED patterns exhibit a single set of symmetric diffraction spots that 

can be indexed to the tetragonal crystal structure of the perovskite along the [001], [021] and 

[201] zone axis, respectively. The additional diffraction spots, such as (100), (010) along to 

[001] zone axis, are forbidden for the tetragonal structure and yet visible in the SAED patterns 

(Figure 4.11d). These diffraction spots are known as a “superlattice diffraction” in the 

tetragonal phase and cannot be indexed with the cubic Pm3̅m phase. Similarly, some weak 

(100), (010), ½(112), and ½(312) superlattice diffractions are also visible along the [021]t and 

[201]t zone axes in Figures 4.11e and f. Figures 4.11g-i indicate the atomic arrangements along 

different zone axes [001], [021] and [201] of tetragonal perovskite phase, correspondingly. The 

SAED patterns in Figures 4.11d-f also can be indexed to the cubic supercell structure with space 

group Im3̅ and the lattice parameter 2a (where a is the lattice constant of Pm3̅m cubic 

perovskite) along the [001], [1̅11̅], and [111]. This will be discussed in more detail in Chapter 

6. 

There are three possible explanations for the visibility of these forbidden reflections. As 

mentioned earlier, the tetragonal unit cell has a lattice constant c doubled with respect to the 

cubic unit cell. In the perovskite system, this commonly emerges from the octahedral tilts or 

rotations. Because the tilting of octahedra in perovskite structure leads to double unit-cell axes, 

extra reflections can be created which lie on half-integral reciprocal-lattice planes. The 

existence of these forbidden reflections can be explained by a doubling of the periodic structure 

in the a and b directions with a superlattice structure involving a unit cell of 8 octahedra. 

Specifically, the weak (100), (010), ½(112), and ½(312) superlattice diffractions can be 

ascribed to a (200), (020), (112) and (312) in this pseudo-cubic unit cell. With respect to the 
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pseudo-cubic unit cell, the forbidden reflections are indexed with some odd indices. In contrast, 

the ordinary reflections (the main reflections) have all even indices.[93]  

 

Figure 4.11. (a-c) BF-TEM images of multi-cation mixed-halide perovskite at room 

temperature. The experimental SAED patterns taken from a yellow circled grains of bright-field 

TEM images along (d) [001]t, (e) [021]t and (f) [201]t zone axes and their corresponding atomic 

structures assuming a tetragonal structure along these three zone axes in (g), (h) and (i) 

respectively. The white and yellow circles in the SAED pattern correspond to the superlattice 

reflections. 

While the octahedral tilting can explain a "doubling" of the unit cell and hence the 

visibility of forbidden reflections, another possible explanation is chemical ordering. In 
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particular, the A-sites can be occupied by different cations namely MA, FA, or Cs whereas the 

X-sites can be occupied by I or Br. The optimised multi-cation mixed halide perovskite film 

has an atomic ratio for I and Br of about 5:1 and a similar cation ratio for FA and MA. These 

different chemical components can result in different chemical ordering aside of structure 

symmetries. Chemical ordering will change the relative intensities of the diffracted spots which 

is determined by the structure factor and sensitive to the ordering of different cations and anions. 

The superlattice reflections appear because in the perovskite structure, the scattering strength 

of the A-site atoms differs from that of the B- and X-site atoms.[211] The third possible 

explanation for the visibility of forbidden reflections in the diffraction patterns is twin formation 

which has been shown in inorganic perovskite structures.[107, 212-214] Twin formation was 

reported by Rothmann et al. in MAPbI3 with a (112) twin plane.[149] In inorganic perovskites, 

twinning has been shown to result in superlattice reflections and can explain fractional indices 

of 1/2 and 1/3. However, the beam sensitivity of our sample limits detailed tilting studies on 

the same crystal to identify the nature of these forbidden reflections for this study. 

 

Figure 4.12. (a) BF-TEM image of the multi-cation mixed-halide perovskite film at room 

temperature. (b) Experimental SAED diffraction pattern taken from grain highlighted in yellow 

circle in Figure (a). Simulation electron diffraction pattern along the [001] zone axes for (c) 

tetragonal (white) and (d) cubic (yellow) phase. (e) Simulation of the overlapping SAED of 
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tetragonal (white) and cubic (yellow) along to [001] zone axes. The red circles in the SAED 

pattern correspond to the superlattice reflections. 

Figure 4.12b shows the diffraction pattern of the perovskite taken from a grain 

highlighted in yellow circle shown in Figure 4.12a. This diffraction pattern can be indexed as 

an overlay of two diffraction patterns from the tetragonal phase (see white colour in Figure 

4.12c) and the cubic phase (see yellow colour in Figure 4.12d). Both patterns were indexed to 

be oriented along the [001] zone axes with the (010)t||(010)c and (100)t||(100)c. As discussed 

earlier, the a and b axes of the tetragonal unit cell have a 45° rotation with respect to the a and 

b axis of the cubic unit cell when aligned to the PbI6 octahedra. The 45° rotation can be seen 

when comparing the white circles in Figure 4.12c to the yellow circles in Figure 4.12d. The 

distinction between the tetragonal and cubic phases was only made with the visibility of the 

superlattice diffraction spots from tetragonal phase (see red circles shown in Figure 4.12b) 

which are consistent with the as-mentioned results in previous section. The diffraction pattern 

is consistent with the simulation results (Figure 4.12d) overlaying the tetragonal phase and the 

cubic phase with a 45° rotation of the octahedral units between the two (atomic structure models 

are shown in Figure 2.11, Chapter 2). These results demonstrate the coexistence of the cubic 

and tetragonal phases in the multi-cation mixed-halide perovskite film at room temperature.  

4.6 Device performance 

Figure 4.13 presents the J-V curves of a cell with a Rb0.03Cs0.07FA0.765MA0.135PbI2.55Br0.45 

perovskite film together with a clearly labelled SEM image of the cross-section of the cell. The 

structure of as-fabricated PSCs device is composed of an ETL of cp-TiO2 and ms-TiO2 on an 

ITO/glass substrate, the multi-cation mixed-halide perovskite absorber layer, PTAA as the HTL 

and Au layer as the back contact. For the forward scan shown in red colour, the VOC, JSC, FF 

and PCE of the cell are measured to be about 1.173 V, 22.49 mA/cm2, 0.748 and 19.7%, 

respectively. For the reverse scan shown in blue colour, correspondingly, those parameters are 

recorded to be approximately 1.173 V, 22.57 mA/cm2, 0.747 and 19.77%. These J-V curves 

reveal that there is little hysteresis in the cell, and a steady PCE of close to 20% can be extracted. 

In PSCs, significant hysteresis implies poor efficiency and is caused by various factors, for 

example, defects in the perovskite layer, accumulated charges (including mobile ions) at 

interfaces or the difference between the electron- and hole-transport rates.[215, 216]  The result 

is consistent with microstructure results as the perovskite layer has excellent crystallinity. 
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Figure 4.13. J–V curves for the cell using multi-cation mixed-halide perovskite (in reverse 

(blue) and forward (red) scans) with a scan rate of 50 mV/s.  

4.7 Summary 

In conclusion, through a systematic characterization strategy, we have successfully 

demonstrated the influence of inorganic cations such as Rb+ and Cs+ on the structural, 

morphological and elemental composition properties of multi-cation mixed-halide perovskite. 

In general, it is found that Rb+ cation was not incorporated into the perovskite crystal structure 

and only exist separately in the perovskite film as a segregated phase. In contrast, Cs+ cation 

was found to be incorporated into the perovskite structure and segregated within a Rb and Cs-

rich phase. The Rb and Cs rich phase tends to form at the grain boundaries of the perovskite 

film thus improving the perovskite film stability. The structure of multi-cation mixed-halide 

perovskite is also shown to be a mixture of MA and FA phases. The visibility of some forbidden 

reflections was attributed to three possible explanations, namely (a) superlattice reflections 

explained by a doubling of the unit cells along the a and b axes, (b) chemical ordering within 

the A-site cations and/or the halide site anions and (c) twin formation. Moreover, the 

coexistence of tetragonal and cubic phases at room temperature was also observed in the 

diffraction patterns. This study provides a thorough understanding, highlighting new 

approaches to clarify the high efficiency of multi-cation PSCs. 
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Chapter 5. Twinning formation in multi-cation 

mixed-halide perovskite 

This chapter identifies a common twinning 

structure in both cubic and tetragonal phases 

of the multi-cation mixed-halide perovskite 

using a combination of low-dose electron 

microscopy studies and atomic structure 

simulations. For the first time, we present 

clear evidence of {111} twins in the cubic 

phase and the equivalent {011} twins in the 

tetragonal phase using SAED patterns. We 

develop a unique way of differentiating between the tetragonal and cubic forms of these twins. 

Our systematic electron diffraction analyses and simulations demonstrate unequivocally that 

the same twinning structure is present in both phases, notably with a perfectly coherent {111}c 

TB in the cubic phase and a semi-coherent {011}t TB in the tetragonal phase. The atomic 

configuration of the TB is discussed with possibilities of being AX3 centred (with A=Cs, FA, 

MA and X=I, Br) or B-site centred (Pb) for both crystal structures. We propose that the TB is 

a key nucleation region for phase segregation which acts as a potential well or barrier to 

electrons and holes depending on its composition and hence its bandgap.  

 

5.1 Introduction 

The efficiency of solar cells based on OIMHP materials is increasing dramatically with the best 

efficiency now already rivalling that of the best Si cell efficiency.[1] Many studies on solar cell 

materials have demonstrated improved performance with the incorporation of different A-site 

cations (e.g. Rb/Cs/MA or FA) and halide anions (I/ Br or Cl) into the perovskite structure, 

such as notably excellent optoelectronic properties, high efficiencies as well as enhanced long-

term stability.[85, 86, 185, 186, 217-219] These have been reported in both tandem and single-

junction solar cells. Thus, multi-cation mixed-halide perovskites with suitable compositions 
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generally exhibit improved efficiency and stability.[85, 220] As a result, PSCs based on such 

compositions are attracting considerable attention as the next generation of PV devices with the 

potential to drive down the cost of PVs further. In order to realise the potential of perovskite 

solar cells not just on small laboratory-scale devices but in commercial application, a deeper 

understanding of the material properties, including the structure and activity of defects within 

the material, is necessary. 

It is known that structural defects play an important role in the performance of PSCs. 

Recently, there have been several reports proposing that phase segregation in multi-cation 

mixed-halide perovskites poses a critical limitation to the performance of solar cells based on 

these materials.[168, 221-224] The formation of secondary phases can alter the chemical 

composition and hence the local band structure at the grain boundaries compared to the bulk 

grains. It is a key factor in determining the carrier recombination and potential transport of ionic 

and molecular species within the material.[225-227] However, to date, neither the origins of 

the power conversion efficiency improvement, nor the physical mechanisms responsible for 

phase segregation in mixed-halide perovskites have been studied in detail, hampering the 

progress in material and device development. 

In this chapter, we characterise the morphology and crystallography of twins in 

Rb0.05Cs0.095MA0.1425FA0.7125PbI2Br films using SEM, TEM, CrystalMaker and SingleCrystal 

software. For the first time, we present clear evidence of {111} twins in the cubic phase 

(denoted as {111}c) and the equivalent {011} twins in the tetragonal phase (denoted as {011}t) 

using SAED patterns. We develop a unique way of differentiating between the tetragonal and 

cubic forms of these twins. The relationship between the two twinned sub-crystals is discussed 

using an atomic model with the concept of coincident site lattice (CSL) for both tetragonal and 

cubic structures. We establish from the diffraction patterns that the cubic phase has a coherent 

TB. We propose that the cubic twin interface is AX3 plane centred with a face-sharing Pb2(I/Br)9 

octahedral structure where the Pb-I octahedral bonding present in the perovskite crystal 

structure is preserved. This has a significant impact on the segregation of A cations and X 

anions within the TB especially relevant for mixed cations perovskites. Theoretical studies have 

predicted that the {111}c TBs in FAPbI3 have very low formation energy and have minimum 

impact on carrier transport.[148] However, for mixed cations materials, the segregation of Cs 

and I/Br is highly favourable at the TB, leading to the formation of traps that enhance 

recombination.[148]  
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In contrast, the diffraction patterns from the tetragonal twins are consistent with a 

complex semi-coherent {011}t twin interface. We propose that the tetragonal twin interface is 

Pb centred to minimise distortion to the Pb-I/Br octahedral bonding in the vicinity of the TB. 

However, because of the mixed halide composition, the Pb centred twin interface may be a 

preferred site for the segregation of I anions compared to Br anions. We propose that the 

{111}c/{011}t TB is a key nucleation region for phase segregation which acts as a potential 

well or barrier to electrons and holes depending on its composition and hence bandgap. This 

phase segregation influences both carrier transport and device characteristics such as the open-

circuit voltage. In addition, iodine enrichment at grain or TBs may reduce the band gap and 

hence induces faster electron-hole recombination.[148] This provides new insights into the 

microstructure of multi-cation mixed-halide perovskite materials.  

5.2 Crystal structure of multi-cation mixed-halide perovskite film 

The XRD pattern shown in Figure 5.1 reveals a predominantly cubic crystal structure for the 

film on the ITO/glass substrate, with a dominant peak located at 2θ = 20.5º corresponding to 

the (011) plane. The other diffraction peaks are also consistent with the typical cubic perovskite 

structure, appearing at 2θ = 14.4, 25, 29, 32.5 and 35.5º which correspond to the (001), (111), 

(002), (012), and (112) planes of the cubic phase, respectively. The peaks at 30.5 and 37.5o can 

be attributed to the (123) and (213) planes of the tetragonal structure, respectively. Multi-cation 

mixed-halide perovskite has a predominantly cubic structure with a small proportion of 

tetragonal inclusions.  

 

Figure 5.1. Experimental XRD pattern of the multi-cation mixed-halide perovskite film at room 

temperature. 
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5.3 Microstructure of the {𝟏𝟏𝟏}c twins in multi-cation mixed-halide 

perovskite 

5.3.1 Morphology and crystallography of {𝟏𝟏𝟏}c twins 

Figures 5.2a-c are SEM images representing the microstructures of an as-synthesized 

perovskite film on ITO/glass substrate. The formation of twins is highlighted in these three 

SEM images with a red dashed line defining the TBs. Twinning can be recognized in SEM 

because the twin sub-crystals exhibit a different contrast across the TB. The difference in crystal 

orientation between the twin domains often leads to differences in contrast in the low-voltage 

SEM images. The presence of single TB, double TBs, and two TBs intersecting at an angle of 

around 70.5° is highlighted in Figures 5.2a, b and c respectively. The crystallography of the 

TBs forming an angle of around 70.5° will be discussed in more detail in Chapter 7. There is a 

lower density of twins in the multi-cation mixed-halide perovskite compared to the twins 

reported in MAPbI3 previously.[149] 

To further confirm these twins in the multi-cation mixed-halide perovskite, we use a 

low-dose TEM technique[12] with a dose rate of about 2 e Å-2 s-1 and a rapid acquisition 

condition to acquire our images and electron diffraction patterns. Figures 5.2d-f show low 

magnification BF-TEM images of the perovskite film spin-coated on the carbon film side of 

the TEM Cu/Au grids. These TEM images show single TB, double TBs, and two TBs 

intersecting at an angle of around 70.5° with a similar morphology and microstructure to the 

grains shown in the SEM images. Their corresponding SAED patterns taken from grains 

highlighted with the yellow circles in Figures 5.2e-f are shown in Figures 5.2g-i. The zone axis 

for these images and SAED was indexed as [110]c within the cubic framework. Each of these 

patterns can be indexed as the overlapping diffraction patterns of two different twin crystals A 

and B. The diffraction spots of individual twins are differentiated in the SAED with the white 

and yellow rectangles (broken lines). The diffraction spots from the matrix are mirrored with 

respect to the twin through the twin axis. As expected, the {111}c twin plane gives rise to 

coincident {111} reflections parallel to the twin axis. The red dashed lines indicate that the twin 

axis is perpendicular to the {111} plane as shown in Figures 5.2g-i. In addition, the row of 

reflections perpendicular to the twin axis, namely the {112} reflections, are also coincident and 

shared both by the matrix and twin. Hence, the {112} reflections are termed as the unsplit row 

(USR). The diffraction patterns are consistent with a coherent twin interface for {111}c twins. 
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Figure 5.2. Morphology and crystal structure of twinning in multi-cation mixed-halide 

perovskite film at room temperature. SEM image of (a) single TB, (b) double TBs and (c) two 

TBs intersecting at an angle of around 70.5°. 〈110〉 zone axis BF-TEM image of (d) single TB, 

(e) double TBs and (f) two TBs intersecting at an angle of around 70.5°. (g) (h) (i) Indexed 

experimental SAED patterns taken from regions highlighted with a yellow circle in the BF-

TEM images (d) (e) (f), respectively. 

5.3.2 Simulation crystallography of {𝟏𝟏𝟏}c twins 

In order to understand the crystallography of the twins in cubic structure, we use the 

CrystalMaker and SingleCrystal software to simulate their electron diffraction patterns and 

atomic structure. Figure 5.3 shows the simulation results of the {111}c twins for the cubic 

structure (space group Pm3̅m, a ≈ 6.3 Å). The simulated electron diffraction patterns along the 

〈110〉c zone axis for crystal part A (white colour) and part B (yellow colour) are given in Figures 

5.3a and 5.3b respectively, and in Figure 5.3c for overlapping A and B. The transformation 
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between the twin and the matrix is consistent with a reflection or 180º rotation about the twin 

axis (perpendicular to the twin plane in Figure 5.3d). Consequently, the diffraction spots are 

indexed for both [1̅10]A and [11̅0]B oriented crystal parts with coincident reflections along the 

〈111〉 twin direction common to both A and B and consistent with {111}c TB. Figure 5.3d 

shows the corresponding atomic structure for cubic crystal structure part A, part B, and the TB. 

The red dashed line corresponds to the normal to the {111}c twin planes and is also parallel to 

the twin axis. The line perpendicular to the twin axis passes through the {121} reflections which 

are also coincident in both crystals in agreement with the experimental USR.[108, 213, 228] 

Figure 5.3e shows the key atomic positions extracted from Figure 5.3d. 

 

Figure 5.3. Simulation results of twins in cubic structure of multi-cation mixed-halide 

perovskite film. Simulated electron diffraction pattern of the cubic perovskite material with (a) 

[1̅10] zone axis for crystal part A, (b) [11̅0] zone axis for crystal part B, (c) A-B TB viewing 

from [1̅10]A + [11̅0]B. (d) Schematic of twinning structure in the cubic phase. (e) Atomic 

structure model of TB in the cubic structure. (f) Local atomic geometry of octahedra with face-

sharing, corner-sharing, and edge-sharing configurations. 
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5.3.3 Coincidence-site lattices and atomic structure for {𝟏𝟏𝟏}c twins 

In crystallography, coincidence-site lattices (CSL) are considered as one of the most important 

tools to evaluate and describe twins and grain boundaries in crystals. With the CSL concept, 

only the atomic positions are needed. Wu et al. mentioned four basic factors contributing to a 

coincidence-site lattice: (a) the degree of rotation θ, (b) the zone axis [uvw] that the lattice 

rotation appears, (c) the coordinates of a coincidence-site present in coincidence-site lattice in 

the (hkl) plane, and (d) the reciprocal of the density of coincidence sites in the (hkl) net (Σ).[107, 

229] Ranganathan established the equations for both θ and Σ terms with the coordinates (x, y) 

of a coincidence site in the plane (hkl) as follows:[230]  

θ = 2 tan-1 (y/x)(N1/2), where N = h2 + k2 +l2 

and  

Σ = x2 + y2N  

Applying these factors to the twins in cubic structure, the rotation about the 〈110〉 zone 

axis was considered for the (110) plane, for which h and k are 1 while l = 0, N = 2. A coincidence 

lattice can be formed when x = 1 and y = 1, Σ = 12 + 12 × 2 = 3. The diffraction pattern in Figure 

5.3c clearly shows a rotation angle of θ ≈ 109.5º between the [1̅10]A and [11̅0]B patterns.  Using 

a pseudo-cubic unit cell, the atomic projections of parts A and B on the (110) plane can be 

constructed in real space with the same rotation angle of θ ≈ 109.5º as illustrated in Figure 5.4. 

A coincidence-site lattice of the superlattice size √3a × √6a (with supercell cell generated on 

(110) plane) is produced at the (111)A TB (Figure 5.4), and using a simple geometrical 

calculation, the same θ angle is determined:  

θ = 2 tan-1 (√6a/√3a), θ ≈ 109.5º. 
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Figure 5.4. Atomic structure model of (a) crystal part A along the [1̅10] zone axis and (b) 

crystal part B along the [11̅0] zone axis in cubic perovskite. (c) Atomic structure model of 

coincident-site lattice net projection on (110) plane viewing from the [1̅10]A + [11̅0]B directions 

with AX3 layer at the interface. (d) Atomic structure model of A side atoms with coincident-

site lattice from [1̅10]A + [11̅0]B.  

In the perovskite cubic structure, (111) planes have the highest atomic density with 

every cation surrounded symmetrically by six anions and every anion surrounded by four other 

anions and two cations. Along the 〈111〉 direction, the A-X3 (Cs/MA/FA-(I/Br)3) layers (ABC) 

alternate with the Pb layers (abc), with a bilayer repeat sequence e.g. AbCaBcAbC. By applying 

a shear operation on (111) planes with a translation by ⅓〈112〉 vectors, a twin CbAcB|cAbC 

can be formed. Herein, the {111}c twins identified here are the same as the {111}c twins in the 

BaTiO3
 shown in Chapter 2.[107, 108] The symmetry rule connecting the different oriented 
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parts can be described either as a reflection in the {111} plane or a 180º rotation around the 

{111} twin plane or a shear transposition of ⅓〈112〉 in the {111} plane. In Figure 5.3d, the 

atomic models of the twins viewed along the 〈110〉 direction are related by a twofold rotation 

around the 〈111〉 twin axis, which is a symmetry element for the supercell but not for the sub-

cell (of cubic Pm3̅m where 〈111〉 is a threefold rotation axis).  

Thus, the TB has two possible interface planes, namely the A-X3 and the Pb planes. 

Figure 5.3d shows the atomic configuration where the {111}c TB is an A-X3 plane and there is 

a Pb2(I/Br)9 structure at the interface with two face-sharing octahedra. Various atomic 

configurations of the neighbouring octahedra such as face-sharing, corner-sharing, and edge-

sharing are illustrated in Figure 5.3f. Within a face-sharing octahedral arrangement, the Pb-I/Br 

octahedral coordination is preserved as clearly illustrated in Figure 5.3d. In contrast, the Pb-

centred twin interface will disrupt the Pb-I/Br octahedral arrangement in the perovskite 

structure as shown in Figure 5.5. The Pb ion at the TB is at the centre of a prism (distorted from 

the octahedron) with a corner-sharing octahedral arrangement and the octahedra preserved in 

both twins (Figure 5.5a-d). For the cubic structure, we propose that the A-X3 centred twin plane 

is most likely to be the coherent {111} twin interface configuration for similar reasons identified 

for BaTiO3.[108] This configuration maintains the Pb-I/Br octahedra throughout the twin 

planes while the Pb plane breaks it. In addition, the exact duplication of the structural unit 

coordination can be found in both TB as well as the unit cell. When two sub-crystals are related 

by a twin relationship, they should share either one or two common layers of the structure at 

the interface.28 This twin plane configuration maintains the Pb-I/Br octahedral coordination 

present in the unit cell of the matrix and has four times the number of coincident sites in the B 

(Pb) plane.  
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Figure 5.5. Atomic structure model of (a) crystal part A along to [1̅10] zone axis and (b) crystal 

part B along to [11̅0] zone axis in cubic perovskite. (c) Atomic structure model of coincident-

site lattice net projection on (110) viewing from [1̅10]A + [11̅0]B with Pb layer at the interface 

in cubic perovskite. (d) Atomic structure model of Pb atoms with coincident-site lattice from 

[1̅10]A + [11̅0]B. (e) Pb-I/Br octahedra are destroyed when a Pb layer is at the interface, a prism 

containing a Pb atom is formed. (f) Atomic structure of twin plane with Pb layer at the interface 

in perovskite material. 
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5.4 Cubic and tetragonal twins in multi-cation mixed halide perovskite 

In the multi-cation mixed-halide perovskite film, we have reported both tetragonal and cubic 

phases in chapter 4.[231] The diffraction pattern from a single grain marked with a yellow circle 

in Figure 5.6a can be indexed either as the cubic phase (Figure 5.6b) or the tetragonal phase 

(Figure 5.6c). Note that the 〈110〉 zone axis in the cubic phase corresponds to the 〈100〉 zone 

axis in the tetragonal phase (see Figure 4.10, Chapter 4). Consequently, the {001}, {1̅1̅1}, and 

{1̅1̅0} reflections in the cubic phase are equivalent to the {002̅}, {022̅}, and {020} reflections 

in the tetragonal phase, respectively. This is illustrated visually when comparing the indices of 

the white and yellow rectangles in Figures 5.6b and c. Thus, the {111} TB in the cubic structure 

corresponds to the {011} TB in the tetragonal phase. The overarching question is: can we 

differentiate between {111}c twins and {011}t twins? 

 

Figure 5.6. Twins in cubic and tetragonal structure of the multi-cation mixed-halide perovskite 

film at room temperature. (a) BF-TEM image of perovskite film. The SAED pattern taken from 

a yellow circled grain of BF-TEM image can be indexed either as (b) cubic phase or (c) 

tetragonal phase. 

5.5 Microstructure of the {𝟎𝟏𝟏}t twins in multi-cation mixed-halide 

perovskite 

5.5.1 Simulation crystallography and atomic structure for {𝟎𝟏𝟏}t twins 

Let us now consider the tetragonal structure with space group I4cm or I4mcm. Figure 5.7 

illustrates the simulation results for twinning in the tetragonal structure of the multi-cation 

mixed-halide perovskite material. Figures 5.7a, b shows the simulated electron diffraction 
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patterns along the [100] zone axis for crystal part A (white colour) and its twin part B (yellow 

colour) with a 180º rotation around the <011> axis respectively. Figure 5.7c is an overlay of 

the diffraction patterns from both parts assuming a coherent {011}t TB. For a coherent interface, 

the twin spots have coincident (011) reflections highlighted by the red dashed line which 

corresponds to the twin axis and the mirror plane for the (011) twinning structure. The series of 

reflections perpendicular to the mirror plane are the (024̅) reflections and show “splitting” 

between part A and part B (see Figure 5.7c).  

This characteristic separation of twin reflections is often described informally as “split 

spots’ and increases further from the twin axis. The spot splitting originates from a small 

difference in the simultaneously diffracting g vectors from the two separate sub-crystals. The 

splitting Δghkl can be calculated as Δghkl = ghkl – gh'k'l', where ghkl represents the diffraction vector 

of the upper sub-crystal (part A) and gh'k'l' refers to the diffraction vector of the lower one (part 

B).[232, 233] In the cubic structure, with a coherent {111} twin plane, the g(-1-12) is precisely 

perpendicular to the g(111) reflection and exhibits the diffraction vector of crystal part A and g(11-

2) is diffraction vector of crystal part B. Δghkl = g(-1-12)A - g(11-2)B = 0 and those reflections are 

coincident for both twins.[108, 234] In the tetragonal structure, the equivalent g(-022) makes an 

angle of 89º with g(022) (the twin axis). With the 180º rotation around the <011> axis for the 

twin transformation, this amounts to a 2º “splitting” between the (024) reflections from part A 

and part B in the simulated diffraction patterns as clearly illustrated in Figure 5.7c. Effectively, 

the diffraction vector g(0-24) from crystal part A and g(02-4) from crystal part B, respectively are 

not coincident and hence Δghkl = g(0-24)A - g(02-4)B ≠ 0. The Δg vector gives the magnitude and 

direction of the splitting and is parallel to the twin axis for the coherent twin interface.[232] 

The atomic structure models for 〈100〉 zone axis of the coherent TB for the tetragonal 

structure are shown in two possible configurations, AX3 centred and Pb centred. However, as 

shown in Figure 5.7e, the common face forming a Pb2(I/Br)9 structure at the interface does not 

line up because of the octahedral tilt about the c axis in the tetragonal structure. The face-sharing 

octahedral arrangement within an A-X3 centred twin plane will require significant distortion of 

the two neighbouring Pb-I/Br octahedra at the TB i.e. two bilayers. In contrast, within a Pb-

centred twin interface, the distortion to the octahedral arrangement is limited to the local 

environment of the Pb layer. 
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Figure 5.7. Simulation results of twins in tetragonal structure of multi-cation mixed-halide 

perovskite film. Simulated electron diffraction pattern of the tetragonal perovskite material with 

(a) [1̅00] zone axis for crystal part A, (b) [100] zone axis for crystal part B, (c) A-B TB viewing 

from [1̅00]A + [100]B. (d) Schematic of twinning structure in tetragonal phase. (e) Atomic 

structure model of TB in tetragonal structure. 
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5.5.2 Morphology and crystallography of double TBs 

The morphology and crystallography of double TBs in the multi-cation mixed-halide perovskite 

film are shown in Figure 5.8. These double TBs partition three sub-crystal parts A, B and C as 

shown in Figure 5.8a. For reasons that will become clearer soon, their corresponding SAED 

patterns from A, B, C are indexed as tetragonal [1̅00]A, [100]B and [1̅00]C respectively in 

Figures 5.8b-d.  The SAED from the A-B twin boundary and B-C twin boundary are illustrated 

in Figures 5.8e and 5.8f respectively with the twin axis highlighted with a red dashed line, 

normal to the {011} plane. The diffraction spots from parts A and B can be clearly resolved in 

Figure 5.8e and likewise, the twin’s structure can be clearly resolved in Figure 5.8f for parts B 

and C. Interestingly, the splitting spots are observed both with the 𝑔{022} and the 𝑔{024} (see 

green circles) in Figures 5.8e-f. The splitting spots subtended by Δghkl for both diffraction 

vectors correspond to 3º. The splitting of the {022} spots are a clear indication that the TB is 

semi-coherent and not exactly on the {011} plane in contrast to the {111}c twins discussed 

earlier. As discussed earlier, with a coherent {011} interface, the expected splitting in the 𝑔{024} 

reflections is about 2º. The experimental 3º splitting potentially accounts for a 1º tilt between 

matrix and twin and clearly suggests that the {011}t TB is more complex than its cubic 

equivalent. The mirror plane and the TB for the tetragonal phase are not necessarily coincident 

with the TB sometimes straggled as shown in Figure 58a. Quite clearly, the main difference 

between the {111}c twins and the {011}t twins is the presence of “splitting” spots, which are 

only observed for {011}t twins.   
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Figure 5.8. The morphology and crystal structure of twinning in multi-cation mixed-halide 

perovskite film at room temperature. (a) BF-TEM image of double twins. Experimental SAED 

patterns for three crystal parts for two parallel twin boundaries in the tetragonal perovskite 

material at the 〈100〉 zone axis for (b) crystal part A, (c) crystal part B, (d) crystal part C, (e) 

A-B twin boundary viewing from [1̅00]A + [100]B, and (f) B-C twin boundary viewing from 

[100]B + [1̅00]C. 

Beam damage makes it very difficult to tilt the same crystal to different zone axes and 

identify the precise nature of the TBs and their relationship. The only way to view the same 

twins along different orientations is to take diffraction patterns from different crystals. Figure 

5.9 gives an overview of images of crystals and their corresponding diffraction patterns showing 

a clear splitting of the diffraction spots. The SAED patterns in Figure 5.9b can be indexed as 

tetragonal twins viewed along the [110] zone axes of the tetragonal perovskite material. Yet 

their corresponding image in Figure 5.9a does not show any evidence of the TBs being viewed 

edge-on. 

The SAED in Figure 5.9b appears at a first glance to be similar to the diffraction pattern 

reported for {112} tetragonal twins by Rothmann et al. with a 1º splitting.[149] However, a 

detailed analysis of the splitting of the spots shows that the orthogonal planes have a 1º and 3º 
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splitting. If the twins in Figures 5.9a and b were {112}t twins, there are four edge-on 

{112} planes and two inclined {112} planes in this orientation. The TB has an arc-shape as 

shown in Fig. 5.9a with the red broken line. This arc-shaped TB is consistent with the expected 

projection of the (011) twinning plane according to the stereogram for this structure (Figure 

5.9f). Figure 5.9e shows a simulation of the diffraction pattern for a 180º rotation twin on the 

(011) plane when viewed along the [110] zone axis combined with a 1º twist. This simulation 

is consistent with the experimental diffraction in Fig. 5.9b. By using the matrix for the rotation 

twin on the (011) plane, the twinning relationship between the (110) and (002) reflections can 

be clearly seen to be in agreement with the experimental observation.   

As discussed in the simulation section, the tilted octahedra in the tetragonal case make 

the AX3 centred TB with a face-sharing octahedral arrangement very difficult as this atomic 

configuration will disrupt the octahedral arrangement within two bilayers at the TB. We propose 

that in the tetragonal structure, the Pb centred TB will restrict the disruption to the perfect 

octahedral arrangement to the Pb-I/Br layer within the Pb centred TB. In addition, selective 

cation and anion phase segregation can also explain the misalignment and complex TB 

geometry between the matrix and the twin.[235, 236] However, the materials’ high sensitivity 

to beam damage makes it difficult to determine the precise geometry and composition of the 

{011}t twin interface as has been done in other materials system. 

An important concern is the role of the TBs in limiting PSC performance. The A-site 

arrangement (Cs/MA/FA) in multi-cation mixed-halide perovskite films could be a dominant 

factor for the microstructure induced structural conversion. Selective A-cation segregation at 

the A-X3 centred TB can stabilise the TB and change the local composition (and hence 

bandgap). Indeed, Cs and I atoms co-segregated at TBs are predicted to be more stable than the 

homogeneous arrangement, especially within an A-X3 centred cubic TB.[148] This Cs-I rich 

segregation introduces hole traps and a lower bandgap region and is a potential explanation for 

the lower VOC observed. The Pb(I/Br)6-prism arrangement proposed for the tetragonal TB is 

less likely to be a segregation interface for A cations but could play a role in anion segregation 

at the tetragonal TB given the presence of both Br and I.  
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Figure 5.9. The crystal structure of twins in multi-cation mixed-halide perovskite film at room 

temperature. (a) BF-TEM image. (b) Experimental SAED pattern of (011) twinning viewing 

[110] zone axis. Simulated electron diffraction pattern of the tetragonal perovskite material with 

(c) [1̅10] zone axis for crystal part A, (d) [11̅0] zone axis for crystal part B, (e) A-B twin 

boundary viewing from [1̅10]A + [11̅0]B. (f) Simulated stereogram of tetragonal structure of the 

perovskite materials using JEMS software, (hkl) stereogram along [110] zone axis. The curved 

red line in Figure (a) indicates the twin boundary. 
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5.6 Device performance 

In this section, we focus on films with the composition Rb0.05Cs0.095MA0.1425FA0.7125PbI2Br, 

which is very similar to the composition used to fabricate a record efficiency 4-terminal 

perovskite-silicon tandem cell.[85] We use these films to fabricate solar cells. The J-V curves 

can be observed from the PCE results in Figure 5.10. The cross-sectional SEM image shows 

the structure of the solar cell device, which is composed of a back contact layer (Au), HTL 

(PTAA), the multi-cation mixed-halide perovskite layer, ETL of ms-TiO2 and cp-TiO2, and 

ITO/glass substrate. The as-fabricated device has an efficiency of about 17.53% for forward 

scan and 17.3% for the reverse scan, which are among state-of-the-art perovskite devices with 

similar bandgap (1.72 eV). The open-circuit voltage is about 1.23V. These J-V curves reveal 

that there is little hysteresis in the cell. The result is consistent with microstructure results as 

the crystallography deals with high-quality materials. 

 

Figure 5.10. J–V curves for the cell using multi-cation mixed-halide perovskite (in reverse 

(blue) and forward (red) scans) with a scan rate of 50 mV/s.  

5.7 Summary 

In summary, by employing a low-dose TEM technique combined with detailed simulation, we 

have shown unambiguously the presence of both {111}c and {011}t twins in multi-cation 

mixed-halide perovskite films at room temperature. The number of cubic twins in this material 
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is higher than the number of tetragonal twins observed. A coherent TB was proposed for the 

cubic phase with no splitting of diffraction spots between the twin and the matrix. In contrast, 

the interface between the tetragonal matrix and twin is semi-coherent and has a 1º tilt between 

the two. This was confirmed by the splitting in the twin plane electron diffraction spots between 

matrix and twin. Additional splitting of spots was ascribed to the octahedral tilt in the tetragonal 

structure which results in a 2º split for non-coincident spots. A unique way of differentiating 

the twins in the tetragonal and cubic crystal structure of as-studied perovskite materials is also 

identified where splitting of spots was only observed for tetragonal twins. Both single and 

double twin structures were observed for the tetragonal phase. We propose that the cubic twins 

are more likely to be AX3 centred while the tetragonal twins are more likely to Pb centred 

because of the minimum distortion to the Pb-I/Br octahedral arrangement. This has significant 

implications for A cation and X anion segregation at the twin defects. These results provide a 

better understanding of the crystal structure defects in multi-cation mixed-halide perovskite 

materials. Further experimental studies on the effect of twins on the electron-hole 

recombination and transportation are necessary to elaborate on the best strategy for performance 

improvement of PSCs in the future. 
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Chapter 6. Impact of MACl/CsCl on the 

Formation of NTs, SFs and Cubic Supercell 

Structure in FA-based Perovskite Solar Cells 

This chapter aims to describe the influence 

of MACl and CsCl additives on the 

microstructure, crystal structure, defects 

(NTs and SFs), optical properties, and PV 

performance in FA-based PSCs. We find 

that the addition of MACl and CsCl 

effectively stabilizes the cubic supercell 

structure with the Im3̅ space group. X-ray diffraction and PL studies show that the addition of 

MACl and CsCl results in a change in both the lattice parameter and the optical bandgap, 

respectively. Moreover, the addition of CsCl is shown to minimize the density of defects and 

improve the PL yield as well as the minority carrier lifetime of the perovskite films. All of these 

factors contribute to the improved device performance with a maximum efficiency of 21.98% 

measured for the 10 mol% CsCl perovskite layer. 

 

6.1. Introduction 

Solar cells using metal halide perovskites as photoactive layers have exhibited a significant 

breakthrough in PCEs and are the fastest developing PV technology during the past ten years. 

The PCEs of single-junction FA-based PSCs have increased to 24.82% (certified at 24.64%), 

showing their potential to be used in efficient and stable devices for future 

commercialization.[78, 237-239] There are two main phases of FAPbI3, the yellow hexagonal 

non-perovskite phase (δ-FAPbI3) and the black cubic perovskite phase (α-FAPbI3).[101] The 

stabilization of black cubic FAPbI3 perovskite phase can be achieved by controlling different 

aspects of the fabrication process, namely the annealing temperature, the humidity conditions, 

the incorporation of additives, and the passivation of surface.[11, 237, 239-242] Additives are 
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often added to the perovskite precursor solution in order to produce highly efficient and stable 

PSCs. These additives can improve the quality of the perovskite film in different ways: by 

acting as crystallization agents or as a source of dopants, or alternatively by modifying the 

surface morphology and passivating defects.[240, 243] For example, the addition of chlorine 

anions (Cl-) to the perovskite precursor mixture has been shown to improve the morphology, 

crystallinity, grain size, and optoelectronic properties as well as the stability of the cubic 

phase.[239, 242, 244-247] All these improvements significantly increase the efficiency and 

stability of PSCs. Alternatively, Kim et al. proposed that the MACl additive to cubic FAPbI3 

effectively stabilizes an intermediate phase at low temperatures and the optimized device 

exhibited a PCE of 23.48%.[244] Chavan et al. found that the morphology and grain size of the 

CsxFA1-xPbI3 alloy were both dramatically improved by adding CsCl to the FAPbI3 perovskite 

precursor mixture, leading to increased carrier lifetimes.[245] The average PCE of solar cell 

devices improved from 16.83% for the reference cell with pure FAPbI3 to 18.87% for an 

optimal CsxFA1-xPbI3 cell with 10 mol% CsCl. Recently, methylenediammonium dichloride 

(MDACl2) was used to improve the stability of the black α-FAPbI3 perovskite phase and a PCE 

of 23.7% was successfully maintained above 90% of its original value for 600 h.[237]  

The microstructure of the perovskite photoactive layer has a significant impact on the 

device performance. For instance, a smooth surface and large grains have been shown to 

improve charge carrier mobility and reduce the recombination sites in the perovskite film.[245] 

However, the microscopic properties of hybrid metal halide perovskite materials are still not 

well known predominantly because of the high susceptibility of these materials to electron 

damage.[12, 168] To date, there are few reports on the microstructure, crystal structure and 

defect properties of pure FAPbI3 and FA-based perovskites.[136, 148, 231, 248] Two types of 

planar defects were commonly observed within these perovskite materials: twins and SFs.[136, 

148] The formation of twins and SF defects in perovskite films is complex and can significantly 

affect the properties of materials. NTs are essentially a high density of twins where the thickness 

of the individual twin is in the nanometre scale. These NTs are potential nanostructures for 

quantum confinement.[148, 249] Recent work on FAPbI3 has shown the presence of above 

bandgap oscillatory features in the absorption spectra which are ascribed to quantum 

confinement effects.[249] The δ-phase TBs are one proposed explanation for intrinsic quantum 

confinement. 
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In this chapter, we systematically investigate the impact of MACl and CsCl additives 

upon the morphology, grain size, crystal structure, defects, optical properties, and PV 

performance of FA-based PSCs. Electron diffraction analyses show that the pure FAPbI3 is not 

pure α-phase, but a mixture of different phases including the Im3̅ phase, δ-phase as well as a 

hexagonal phase with rhombohedral symmetry. This is consistent with previous reports of 

metastability in FAPbI3 during thermal cycling.[250] We demonstrate that the MACl and CsCl 

additions have a great potential to stabilize the cubic FAPbI3 with a 2 × 2 × 2 supercell 

expansion and the enhanced formation of the Im3̅ space group.  

We also investigate the morphology and crystal structure of the NTs and SFs of the 

perovskite films. A detailed analysis employing SAED patterns shows that both the NTs and 

SFs are on the {111}c planes. The NT and SF densities can be changed by varying the 

concentration of the MACl and CsCl additives in the perovskite precursor mixture. The density 

of NTs is significantly increased when the concentration of MACl is increased. In contrast, the 

twinned grain is significantly reduced when the amount of CsCl is increased. The density of 

NTs has an impact on the optical properties and hence the PV performance of PSCs. 

Interestingly, the MACl and CsCl additions significantly improved the morphology, grain size, 

and crystallinity of the perovskite films, resulting in enhanced carrier lifetimes. In addition, the 

optimized PSCs with 10 mol% CsCl exhibit the best device performance with a PCE of 21.98%, 

which is almost double that of the pure FAPbI3 PSC with a 13.67% PCE. Furthermore, the 

hysteresis effect is also suppressed with the CsCl addition. These results prove that the 

incorporation of CsCl in the perovskite precursor mixture is an extremely effective method to 

obtain high-quality film formation, resulting in a highly efficient and stable PSC device.   

6.2 Microstructure and crystal structure of pure FAPbI3 perovskite films  

6.2.1 Crystal structure of perovskite films 

Figure 6.1 shows the XRD simulations for different possible phases, notably the cubic α-phase 

structure (space group Pm3̅𝑚, a = 6.3506 Å), cubic supercell structure (Im3̅, a = 12.5461 Å), 

the rhombohedral structure (R3̅, a = 17.739 Å, c = 10.867 Å) and the δ-phase hexagonal 

structure (P63/mmc, a = 8.85737 Å, c = 7.9077 Å). As can be seen, there are several XRD peaks 

common to the Pm3̅𝑚, Im3̅ and R3̅ phases namely the peaks at 2θ values of 13.9, 19.6, 24.1, 

28, 31.5, 34.5, 40, and 42.4º. However, additional peaks can be observed for the Im3̅ phase, 
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namely the (013), (123), (015), (053) and (235) peaks (highlighted by the purple star symbol) 

and these additional peaks can also be observed for the R3̅ phase and are marked with the pink 

star symbol. The δ-phase has a very different XRD signature with its most prominent peak, the 

(100) at a 2θ angle of 11.6º. 

 

Figure 6.1. Simulations of powder X-ray diffraction of perovskite material for the cubic α-

phase structure with space group Pm3̅𝑚, the cubic supercell structure with space group Im3̅, 

the rhombohedral structure with space group R3̅, and the δ-phase hexagonal 2H structure with 

space group P63/mmc. (Additional peaks attributed to the Im3̅ and the R3̅ phases are labelled 

with the purple and pink star symbols, respectively.) 

6.2.2 Microstructure and crystal structure of FAPbI3 perovskite 

TEM is one of the most powerful techniques to investigate the morphology, microstructure, and 

crystal structure of materials. There are very few reports of twin domains and SFs in pure 

FAPbI3 and FA-based perovskites.[136, 148] The FAPbI3 perovskite is reported as the black α-

phase with space group Pm3̅𝑚.[101] For reasons that will be clear later, four possible 

perovskite space group structures will be considered, namely the Pm3̅𝑚 (α-phase), Im3̅ (cubic 

supercell with lattice constant twice that of the α-phase), hexagonal δ-phase and R3̅ 

(rhombohedral structure). Figures 6.2a-b show a typical BF-TEM image of the pure FAPbI3 

perovskite film and the experimental SAED pattern of the single grain highlighted in the yellow 
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circle. The experimental SAED pattern in Figure 6.2b does not agree with the simulation of the 

SAED pattern along [111] axis shown in Figure 6.2d for the cubic α-phase with Pm3̅m space 

group (the space group typically associated with FAPbI3).[101] However, this SAED pattern is 

consistent with the simulation along the [111] axis for the cubic Im3̅ phase as shown in Figure 

6.2f and alternatively also matches the simulation of the [101̅1] for the rhombohedral structures 

(R3̅) as shown in Figure 6.2h. As clearly seen in the atomic structures viewed along these 

orientations, the [111] zone axis in the Im3̅ structure (see Figure 6.2e) is equivalent to the [101̅1] 

zone axis in the R3̅ structure (see Figure 6.2g). 

 

Figure 6.2. (a) BF-TEM image of FAPbI3 perovskite thin film. (b) Corresponding experimental 

SAED pattern taken from the grain (highlighted in a yellow circle in (a)). (d, f, h) Simulations 

of the electron diffraction patterns for (d) the cubic α-phase (Pm3̅𝑚) along [111] zone axis, (f) 

the cubic superstructure (Im3̅) along [111] zone axis and (h) the rhombohedral structure (R3̅) 

along [101̅1] zone axis. (c, e, g) Views of the atomic structure along the orientations described 

for the simulations (d), (f) and (h), respectively. 

Figure 6.3 shows another set of diffraction analyses for pure FAPbI3 perovskite. The 

experimental SAED pattern of the grain highlighted in Figure 6.3a is shown in Figure 6.3b and 

does not match the electron diffraction simulations for the Im3̅ structure. The closest match is 

the electron diffraction of the Im3̅ structure along the [021] zone axis in Figure 6.3c and it is 

evident that there are some superlattice like reflections missing from this pattern as highlighted 
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in red circles in the experimental SAED. Interestingly, the experimental SAED pattern is in 

excellent agreement with the simulation of the rhombohedral structure along the [112̅6] zone 

axis as shown in Figure 6.3d and cannot be matched with simulations of the other phases 

considered. We note that the FAPbI3 has a high density of NTs, and that twinning can also be 

a source of additional reflections.[251, 252]  

 

Figure 6.3. (a) BF-TEM image of FAPbI3 perovskite thin film and (b) its corresponding 

experimental SAED pattern taken from the grain (highlighted in a yellow circle). (c) Simulation 

of the electron diffraction pattern of the cubic (Im3̅) perovskite structure along the [021] zone 

axis. (d) Simulation of the electron diffraction pattern for the rhombohedral (R3̅) perovskite 

structure along the [112̅6] zone axis. The strong cubic reflections are highlighted in green 

circles. 

  Figure 6.4b illustrates the experimental SAED pattern taken from the region highlighted 

with a yellow circle in the BF-TEM image in Figure 6.4a. Interestingly, this diffraction could 

not be assigned to a single crystal structure. The best fit to this diffraction pattern is an overlay 
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of two electron diffraction pattern simulations, the cubic Im3̅ structure (Figure 6.4c) along the 

[111] zone axis and the δ-phase hexagonal (2H) along the [0001] zone axis (Figure 6.4d). There 

is perfect agreement between the experimental diffraction pattern (Figure 6.4b) and the overlay 

of the simulations in Figure 6.4e. We note that the [111] direction in the cubic structure is 

perpendicular to the (111) plane which can lead to different stacking sequences and hence 

different crystal structures. Specifically, the δ-phase has the 2H stacking sequence with the 

[0001] direction parallel to the cubic [111] direction. This is consistent with the presence of NT 

domains and SFs with {111} TBs and as a result, one can expect to form different polytypes 

with hexagonal and rhombohedral structures. Each of these different crystal structures would 

have a different bandgap. However, a high density of NTs (5-54 nm thick) combined with thin 

layers of hexagonal structures is similar to III-V semiconductor twinning superlattices and SFs 

and has a different band structure.[122]     

 

Figure 6.4. (a) BF-TEM image of FAPbI3 perovskite thin film and (b) its corresponding 

experimental SAED pattern taken from the grain (highlighted in a yellow circle). (c) Simulation 

of the electron diffraction pattern of perovskite with the cubic supercell (Im3̅) structure along 

[111] zone axis. (d) Simulation of the electron diffraction pattern of perovskite with the 

hexagonal δ-phase (2H) along [0001] zone axis. (e) Overlap of the simulated diffraction 

patterns of [111] zone axis in Im3̅ structure (black) and [0001] zone axis in hexagonal 2H 

structure (red). 
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6.3. Impact of MACl on microstructure and crystal structure of FA-based 

perovskite 

6.3.1 Surface morphology and general microstructure of perovskite films 

The surface morphology of a semiconductor plays a significant role in determining its 

properties. In OIMHPs, understanding the surface features and their impact on the optical 

properties and device performance is becoming increasingly important. Here, the surface 

morphology and microstructure of the perovskite films with different MACl concentrations 

were investigated by SEM and TEM. Figure 6.5a illustrates the top-view SEM image of pure 

FAPbI3 spin-coated on the ITO/glass substrate. The film displays a compact, pinhole-free 

morphology and irregular grains with an average grain size of around 340 nm. Figures 6.5 b-e 

show the top-view SEM images of FAPbI3 perovskite films with various MACl concentrations 

of 10 mol%, 20 mol%, 30 mol%, and 40 mol% (denoted as 10% MACl, 20% MACl, 30% 

MACl and 40% MACl respectively). The relationship between the average crystal grain size 

(extracted from SEM images using the ImageJ software) and the MACl molar proportion is 

illustrated in Figure 6.5k. The average grain size of perovskite films increases with increasing 

concentration of MACl. The largest grain size was observed for the 40% MACl sample which 

had an average grain size of 890 nm. The perovskite films show a high number of NTs on many 

grains as shown in Figures 6.5f-j. The number of NTs on one grain increases with higher MACl 

concentration. In addition, the lowest number of NTs on one grain was observed in the 20% 

MACl sample as compared to other concentrations.  

The density of twin defects was estimated by counting the number of twinned grains per 

area of 49 μm2 from the SEM images and a graph of the density of twin defects with different 

additive concentrations is shown in Figure 6.5l. The results clearly show that the density of NTs 

significantly increased when the concentration of MACl was increased. The film with 20% 

MACl had the best crystal quality with 27 twinned grains/49 μm2. The 40% MACl sample has 

the highest density of NTs (95 twinned grains/49 μm2) and is mostly composed of twinned 

grains. Rothmann et al. have shown that pure MAPbI3 perovskite has twinned grains and this 

might explain the higher incidence of twinned grains in perovskite films with higher MACl 

content, notably the 30% and 40% MACl samples.[149] When MACl is added into FAPbI3 

precursor solution, the replacement of FA-sites by MA cations may create more defective grains 

in the film. 
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Figure 6.5. Top-view SEM images of perovskite films with different concentrations of MACl 

(a) pure-FAPbI3, (b) 10% MACl, (c) 20% MACl, (d) 30% MACl, (e) 40% MACl. BF-TEM 

images of perovskite films with different concentrations of MACl (f) pure-FAPbI3, (g) 10% 

MACl, (h) 20% MACl, (i) 30% MACl, (j) 40% MACl. (k) Plot showing the variation of the 

grain size distribution of the perovskite films with various MACl concentrations. (l) Plot of the 

number of twinned grains per area as a function of the MACl concentration.  

6.3.2 Crystal structure and surface chemistry of perovskite films with different 

concentrations of MACl 

The crystallinity of pure FAPbI3 perovskite film and FAPbI3 perovskite with various amounts 

of MACl additives was analyzed by X-ray diffraction (XRD) measurements. Figure 6.6 

illustrate the experimental XRD patterns of the FAPbI3 perovskite with different concentrations 

of MACl (10, 20, 30, 40 mol%). At a first glance, the XRD pattern of the pure FAPbI3 

perovskite in Figure 6.6a appears to match the XRD simulation for the cubic α-phase (Pm3̅𝑚 
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structure) except for a small peak at 11.6º, corresponding to the undesirable hexagonal δ-phase 

(highlighted by the red star symbol). As shown in the XRD simulations, these prominent peaks 

are also common to the Im3̅ and the R3̅ phases. For reasons that will be clearer in the TEM 

analysis, these peaks were indexed with the Im3̅ phase. 

 

Figure 6.6. (a) Experimental XRD patterns of FAPbI3 perovskite films in pure form and with 

different concentrations of MACl (10, 20, 30, 40 mol%) additives. (b) XRD plots showing the 

shift in the (002) perovskite peak to higher diffraction angles, (c) extracted lattice parameter 

and (d) full width at half maximum (FWHM) of the (002) peak of the perovskite film with 

different MACl concentrations. 

Interestingly, the XRD formation of the hexagonal δ-phase appears to be eliminated 

with a small addition of MACl, based on the absence of the peak at 11.6º. The intensity of the 

main cubic phase perovskite peak at 13.9º is dramatically increased after introducing 20, 30, 40 

mol% MACl additives to the perovskite precursor solution. However, we observed a small 

diffraction peak located at 2θ = 12.5º corresponding to PbI2 phase (highlighted by the green star 
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symbol). This indicates the formation of PbI2 phase on the perovskite surface with the 

incorporation of MACl, which can be attributed to the thermal instability of MA cation during 

the annealing step at 150oC as reported previously.[253]  

The XRD patterns of the MACl-treated FAPbI3 perovskite film show that the (002) peak 

consistently shifts to higher 2θ angles when the concentration of MACl increases, 

corresponding to smaller lattice constants (Figure 6.6b). Figure 6.6c shows that the lattice 

constant decreases with increasing MACl amount and this demonstrates the successful mixing 

of MA+ cations and Cl- anions within the perovskite crystal structure. Figure 6.6d illustrates 

that the full width at half maximum (FWHM) for the (002) peak is decreased when the amount 

of MACl increases, indicating an increased X-ray crystallite size. The smallest FWHM value is 

obtained for 40% MACl perovskite film, indicating larger grain size in this sample. 

The surface chemistry of the FAPbI3 film with different MACl concentrations was 

analysed using XPS measurements. The fine scan of C 1s component (Figure 6.7) revealed the 

presence of C=N and C-N bonds corresponding to the FA+ cation in all samples. The presence 

of MA+ cation is detected through the higher peak intensity and weighting factor of C-N bond 

as shown in Figures 6.7a and b. In these figures, the peaks at the binding energy of about 284.8, 

284 and 288.5 eV can be attributed to the C-C, C-N and C=N bonds, respectively. There is no 

peak shifting of the C 1s component in all samples, which is consistent with a homogenous 

surface chemistry of as-fabricated perovskite films. Figure 6.7c illustrates the relative 

concentrations of Cl on perovskite films calculated from surface XPS measurement. No Cl is 

detected in the pure FAPbI3 perovskite film. However, the XPS data shows that Cl- is 

incorporated in the FAPbI3 perovskite film with the addition of MACl. Density functional 

theory (DFT) calculations have shown that a small amount of Cl- substituted at the anion sites 

of FAPbI3 will essentially result in a reduced Pb-X bond length and minimise the Pb-X-Pb 

distortion[254]. This effectively accounts for the stabilization of the cubic phase and explains 

the lattice contraction observed in the XRD data. The presence of Cl also suppresses the 

formation of I vacancies because of its higher calculated formation energy.[254]  
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Figure 6.7. (a) Simulations for fitting the high-resolution XPS spectra of C 1s of perovskite 

films with different concentrations of MACl addition. (b) Weighting factor of the C(C-N) and 

C(C=N) peaks measured from perovskite films with different amounts of MACl. (c) Relative 

concentration of Cl on perovskite film with different concentrations of MACl calculated from 

surface XPS measurement. 

6.3.3 Optical properties of perovskite films with different amounts of MACl 

The optical characteristics were evaluated using absorbance, PL and TRPL measurements for 

the perovskite films on glass substrate at room temperature. The recombination process was 

fitted with the following bi-exponential equation: 
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f(t) = f0 + A1exp(-t/τ1) + A2exp(-t/τ2) 

 where f(t) is the luminescence intensity, f0 is a constant, A1 and A2 are corresponding decay 

amplitudes, τ1 and τ2 are the fast and slow decay time constants, respectively.[237] In addition, 

the τ1 and τ2 decay components are assigned to non-radiative recombination from defects 

(surface traps near the grain boundaries) and radiative recombination from the bulk perovskite, 

respectively.[255]   

Figures 6.8a-c shows the PL, normalized PL, and absorbance spectra of FAPbI3 

perovskite films with and without MACl additive. A slight blueshift is observed in the PL 

spectra with increasing concentrations of MACl. This is attributed to the incorporation of MA+ 

cation and Cl- anion in the perovskite lattice and is in line with the shift observed in the optical 

bandgap as shown in Figures 6.8b-c. The PL peak intensity is significantly enhanced in the 10 

and 20% MACl perovskite films. In contrast, the PL intensities were reduced with the addition 

of 30 and 40 mol% MACl to the perovskite films. These results are consistent with SEM and 

TEM results. The perovskite films with 30 and 40% MACl have a higher density of defects 

compared to the perovskite films with 10 and 20% MACl, leading to a decrease in the PL 

intensity and lifetime.  

Figure 6.8d compares the TRPL results for different FAPbI3 perovskite films with and 

without MACl added. The 20% MACl sample shows the longest PL lifetime compared to any 

other MACl concentrations. This perovskite composition has PL lifetimes τ1 = 35.8 ns and τ2 = 

6.1 ns (Table 6.1). When the concentration of MACl is further increased to 30% and 40%, the 

lifetime was reduced. These results suggest that the optical properties of FAPbI3 perovskite 

show only a small improvement with the MACl addition as shown in Figure 6.8. The 10% MA 

sample has the highest PL intensity, and 20% MACl sample has longest lifetime out of all the 

samples. 
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Figure 6.8. (a) The steady-state PL spectra, (b) normalized PL spectra, (c) optical absorbance 

spectra, and (d) TRPL of the FAPbI3 perovskite in its pure form and with different 

concentrations of MACl. 

Table 6.1. TRPL parameters of perovskite prepared with pure FAPbI3, 10% MACl, 20% 

MACl, 30% MACl, 40% MACl. 

10% MACl 20% MACl 30% MACl 40% MACl 

τ1 (ns) 

34.9 

τ2 (ns) 

5.1 

τ1 (ns) 

35.8 

τ2 (ns) 

6.1 

τ1 (ns) 

16.5 

τ2 (ns) 

2.6 

τ1 (ns) 

15.7 

τ2 (ns) 

3.1 

 

6.3.4 Effect of MACl on the crystal structure of perovskite films  

Figure 6.9 gives an overview of the BF-TEM images of the FAPbI3 perovskite film with 20 

mol% MACl and their corresponding SAED patterns along the [211], [201], [001], [122], [111], 
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and [113] zone axes. We also observed the same forbidden reflections (circled in red) along all 

of the zone axes. These results suggest that the perovskite film with 20% MACl also has a cubic 

perovskite structure with the Im3̅ space group and the lattice parameter 2a (where a is the lattice 

constant of Pm3̅m cubic perovskite). Moreover, these results are consistent with the simulated 

electron diffraction patterns shown in Figure 6.10 for the Im3̅ space group. Based on these 

results, we confirm that the MACl additive helps to stabilize the cubic Im3̅ phase. 

 

Figure 6.9. BF-TEM images and corresponding SAED patterns taken from grain highlighted 

in yellow circle of FAPbI3 film with 20 mol% MACl addition along various zone axes including 

(a, b) [211], (c, d) [201], (e, f) [001], (g, h) [122], (i, j) [111] and (k, l) [113]. The red circles in 

the SAED patterns correspond to the superlattice reflections. 
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Figure 6.10. Simulation of electron diffraction patterns and atomic structure models of 

perovskite material with cubic supercell structure along different zone axes (a-b) [211], (c-d) 

[201], (e-f) [001], (g-h) [122], (i-j) [111], and (k-l) [113] for Im3̅ structure. 

6.3.5 Morphology, crystallographic of NTs and SFs of perovskite films 

In perovskite materials, twinning is a common structural defect, where two sub-crystallites 

share a facet to form a mirror image. The BF-TEM image of pure FAPbI3 shows that most of 

the grains have thin parallel stripes as shown in Figure 6.11a. Figure 6.11b shows the SAED 

pattern from the stripy region highlighted in the yellow circle and the diffraction pattern was 

indexed to be along the [110] zone axis in cubic structure. The streaking through the {111}c 

spots in Figure 6.11b is characteristic of SFs on the {111}c plane and is perpendicular to the 

plane of the SFs in Figure 6.11a.[175] Figures 6.11c-j show the BF-TEM images of FAPbI3 

perovskite film with 10, 20, 30 and 40 mol% MACl additives and the corresponding SAED 

patterns from specific grains highlighted in yellow circles. For FAPbI3 perovskite film with 

MACl additive, the NTs can be clearly identified as thin parallel stripes which are a few 

nanometres thick as shown in Figures 6.11a, c, e, g, i. In Figures 6.11b, d, f, h, j the 

corresponding diffraction patterns can be indexed with a [110]c orientation and also show a 
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twinning configuration on the {111}c plane of cubic structure. In the diffraction pattern, streaks 

can be observed as a result of the shape adjustment of the reciprocal lattice points due to either 

the shape of the crystal defects or the related lattice strain. The existence of streaks is already 

in reciprocal space perpendicular to the specimen surface. [256] The streaking in SAED patterns 

is perpendicular to the SF and TBs observed in the crystal grains in the BF-TEM images (Figure 

6.11). There are different densities of NTs inside each grain for samples with different MACl 

concentrations as can be seen in Figure 6.11. Moreover, the change in contrast between different 

twin domains is clearly visible as the TBs are viewed edge-on in Figures 6.11 a, c, e, g, i. The 

density of NTs on one grain is increased with increasing MACl concentration. 

 

Figure 6.11. BF-TEM images and [110] oriented-SAED patterns taken from grain highlighted 

in yellow circles of (a, b) pure FAPbI3 and FAPbI3 films with (c, d) 10% MACl, (e, f) 20% 

MACl, (g, h) 30% MACl, (i, j) 40% MACl. 

6.3.6 Photovoltaic cell performance 

To systematically study the influence of MACl additive and defect density on PV performance, 

PSC devices were fabricated using pure FAPbI3 as well as FAPbI3 with various MACl 

concentrations as the active layer. Figures 6.12a-e show the cross-sectional SEM images of the 

PSC devices with active layer thicknesses ranging from 550 to 700 nm. The structure of the as-

fabricated PSC devices is comprised of glass substrate/ITO/ETL (cp-TiO2, ms-TiO2)/pure 

FAPbI3 perovskite or the FAPbI3 perovskite with different MACl concentrations layer/HTL 

(Spiro-MeOTAD)/back contact (Au). From cross-section SEM images, we can clearly see that 
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the perovskite layer has twin defects not only on the surface but also in the bulk as highlighted 

in yellow circles shown in Figures 6.12a-e. 

The efficiency of solar cell devices prepared with pure FAPbI3 was lower than that of 

the perovskite film with MACl additive as shown in Figure 6.12f and Table 6.2. Notably, by 

adding 10 mol% MACl, the device efficiency is slightly increased to 15.39%. The highest 

efficiency was observed with 20 mol% of MACl, with a PCE of 15.46%, a VOC of 1.002 V, a 

JSC of 24.92 mAcm-2, and a FF of 0.619. Nevertheless, with 30 and 40% MACl, the PCE was 

reduced. This may be due to the residual PbI2 phase and higher defect density in the perovskite 

films. 

 

Figure 6.12. Cross-sectional SEM images of the solar cell devices with (a) pure FAPbI3 

perovskite film, (b) 10% MACl, (c) 20% MACl, (d) 30% MACl, and (e) 40% MACl, 

respectively. (f) J-V curves for the cell using pure FAPbI3 and FAPbI3 with different 

concentrations of MACl with a scan rate of 50 mV/s. (g) Comparison efficiency of pure FAPbI3 

and FAPbI3 with different concentrations of MACl with a forward and reverse scan. 
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The addition of MACl changes the hysteresis of the PSC devices. The hysteresis of the 

perovskite film with various concentrations of MACl is shown in Figure 6.12g. The hysteresis 

was significantly increased with increasing concentration of MACl. For example, the 40% 

MACl PSC device shows the highest J-V hysteresis. These results suggest that the perovskite 

films with higher density of NTs and SF defects have higher hysteresis in their cell performance. 

Table 6.2. Comparison of PV performance parameters (VOC, JSC, FF, and PCE) of various cells 

with different perovskite compositions in forward and reverse bias with a scan rate of 50 mV/s. 

 

Samples 

VOC (V) JSC (mA/cm2) FF PCE (%) 

Reverse Forward Reverse Forward Reverse Forward Reverse Forward 

FAPbI3 1.004 1.005 25.21 25.19 0.54 0.519 13.67 13.15 

10% 

MACl 

0.989 0.978 25.09 24.9 0.62 0.602 15.39 14.67 

20% 

MACl 

1.002 0.979 24.92 24.85 0.619 0.595 15.46 14.48 

30% 

MACl 

0.939 0.923 24,78 24.28 0.631 0.595 14.69 12.53 

40% 

MACl 

0.927 0.933 24.47 24.68 0.619 0.46 14.05 10.59 

 

6.4 Impact of CsCl on microstructure and crystal structure of FA-based 

perovskite 

6.4.1 Surface morphology and general microstructure of perovskite films 

Figures 6.13a-d show the surface SEM images of pure FAPbI3 and the perovskite films with 5 

mol%, 10 mol% and 15 mol% CsCl in the precursor solution (denoted as 5% CsCl, 10% CsCl, 

and 15% CsCl, respectively). While the 5 and 15% CsCl films have an average grain size of 

about 540 and 900 nm, respectively, the 10% CsCl film has the largest average grain size of 

about 930 nm. The relationship between the average crystal grain size (extracted from SEM 



124 
 

images using the ImageJ software) and the CsCl molar proportion is illustrated in Figure 6.13i. 

These results demonstrate that the average grain size of the perovskite film is increased with 

increasing CsCl concentration. However, cracking was observed in the perovskite film with 

15% CsCl as shown in Figure 6.14. Moreover, NT domains and SFs can be clearly seen on 

many grains from their stripe contrast (circled in yellow).  

Figures 6.13e-h show the low magnification BF-TEM images of the perovskite films 

deposited on the amorphous carbon film of TEM Cu/Au grids for pure FAPbI3 and with 5, 10, 

15% CsCl. The morphology and microstructure of perovskite films are consistent with the SEM 

results. The perovskite films exhibit a parallel striped contrast on many grains and a drastic 

variation in twin density can be observed by varying the CsCl concentration. Detailed TEM 

analysis shows that the parallel stripes are twin domains which are separated by a {111}c TB. 

In all samples, the individual twin domains are between 5 and 54 nm thick and will be referred 

to as the {111}c NTs. Notably, in heavily twinned perovskite layers, all grains have twins and 

the variation in twin density is best captured by quantifying the number of NTs per grain. We 

note that the number of NTs on one grain is reduced with increasing CsCl concentration. In 

fact, NT formation is significantly suppressed in the 15% CsCl perovskite film and the number 

of NTs is so low that only a fraction of the grains has few twins (<2 NTs per grain). For these 

high quality perovskite layers, the trend in twin density is best illustrated by the number of 

twinned grains per unit area. The TB highlighted in Figures 6.13d, h separates adjacent twin 

domains which have different image contrast in TEM imaging. Interestingly, angles of 70.5 and 

109.5º can be seen between adjacent {111}c TBs within a single grain as shown in Figures 

6.13e-f.  

The individual NT domains show a periodicity consistent with that observed in the SEM 

images. Hence, we may conclude that NT domains are visible in both TEM and SEM images. 

For tetragonal MAPbI3, the domain orientations are identified by the angle between adjacent 

domain walls.[153, 257, 258] Angles of 70.5 and 109.5º are characteristic of (110) tetragonal 

TBs and at 0, 90, or 45º in principal planes of the parental phase, respectively. For a cubic 

crystal structure, the {111} twin domain boundaries are shown to intersect at 70.5º.[259] 

Figures 6.13e, f indicate that one set of NT domains can sometimes intersect with another set 

of NT domains at 70.5 and 109.5º angles. These angles are expected between adjacent {111} 

cubic planes when viewed edge-on. As will be shown, the SFs and TBs are typically on the 

{111} cubic planes.  
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The density of twin defects was estimated by counting the number of twinned grains per 

area of 49 μm2 from the SEM images and a graph of the density of twin defects with different 

additive concentrations is shown in Figure 6.13j. The results clearly show that perovskite films 

with CsCl additive have fewer twinned grains compared to films with MACl additive. In 

addition, the twinned grain is significantly reduced with the CsCl additive. The film with 10 

mol% CsCl had the best crystal quality with 7 twinned grains/49 μm2. 

 

Figure 6.13. Top-view SEM images of perovskite films with different amounts of CsCl (a) 

pure-FAPbI3, (b) 5% CsCl, (c) 10% CsCl, (d) 15% CsCl. BF-TEM images of perovskite films 

with different amounts of CsCl (e) FAPbI3, (f) 5% CsCl, (g) 10% CsCl, (h) 15% CsCl. (i) Plot 

showing the variation of the grain size distribution of the perovskite films with different CsCl 

concentrations. (j) Plot of the number of twinned grains per area as a function of the CsCl 

concentration. 



126 
 

 

Figure 6.14. Top-view SEM images of FAPbI3 perovskite film with 15 mol% of CsCl addition. 

6.4.2 Crystal structure and surface chemistry of perovskite films 

The XRD patterns of pure FAPbI3 and FAPbI3 perovskite film with various concentrations of 

CsCl are shown in Figure 6.15. We note that in Figure 6.15a, the prominent diffraction peaks 

observed at 2θ values of 13.9, 19.6, 24.1, 28, 31.5, 34.5, 40, and 42.4º are common to the three 

structures discussed and are indexed as the (002), (022), (222), (004), (042, (224), (044), and 

(244) planes of the Im3̅ structure, respectively. However, the addition of different CsCl 

concentrations to the perovskite layers results in two progressive changes in the XRD patterns. 

Firstly, with increasing concentration of CsCl in the perovskite, we observe an increasing 

intensity in the additional peaks at 2θ values of 22.3, 26.5, 41.8 and 44.4º which cannot be 

assigned to the Pm3̅𝑚 structure.[103] They can be assigned to the (013), (123), (053) and (235) 

planes for the Im3̅ structure respectively. Or alternatively they correspond to the (1̅32), (132̅), 

(25̅4) and (1̅35) planes for the R3̅ structure. Further evidence of the Im3̅ phase will be shown 

in detail in the TEM results later.  

Secondly, the peak position for the (002) plane shifts slightly to a higher 2θ angle with 

increasing CsCl concentration (Figure 6.15b). Figure 6.15c shows the variation of the (002) 

lattice constant with different concentrations of CsCl. The lattice constant decreases with 

increasing CsCl amount and this demonstrates the successful mixing of Cs+ cations and Cl- 

anions within the perovskite crystal structure. This is consistent with the expected lattice 

contraction when the small Cs cations replace FA cations.[245] The sample with 5 mol% CsCl 

shows a higher peak intensity at 2θ = 31.5º compared to the peak 2θ = 13.9º. In contrast, the 

peak intensity at 2θ = 13.9º is higher than that at 31.5º for the perovskite film with 10 and 15 

mol% CsCl. We note that the XRD peak corresponding to the δ-FAPbI3 phase at 2θ = 11.6º is 

not observed in the samples with CsCl addition. This suggests that the formation of the 
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hexagonal δ-FAPbI3 phase is completely suppressed with a small amount of CsCl added into 

the precursor solution. This may be due to the partial replacement of FA-sites by Cs, leading to 

the stabilization of the cubic FAPbI3 phase.  

Figure 6.15d shows that the FWHM for the (002) peak is decreased when the 

concentration of CsCl increase, indicating an increased X-ray crystallite size. The smallest 

FWHM value is obtained for the 10% CsCl perovskite film, indicating larger grain size in this 

sample. 

 

Figure 6.15. (a) Experimental XRD patterns of FAPbI3 perovskite films in pure form and with 

different concentrations of CsCl (5, 10, 15 mol%) additives. (b) XRD plots showing the shift 

in the (002) perovskite peak to higher diffraction angles. (c) Extracted lattice parameter and (d) 

FWHM of the (002) peak of the perovskite film with different CsCl concentrations. 

The XPS measurements were used to obtain the surface chemistry of the FAPbI3 film 

with different CsCl concentrations. Figure 6.16a shows the high-resolution XPS spectra of C 
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1s of perovskite films with different concentrations of CsCl addition. There is no energy shift 

in the peaks for the C 1s species in all samples, which is consistent with a homogenous surface 

chemistry of as-fabricated perovskite films and is consistent with no sample charging during 

analysis. Figure 6.16c illustrates the relative concentration of Cl and Cs on perovskite films 

calculated from XPS spectra. No Cl or Cs is detected in the pure FAPbI3 perovskite film, while 

the relative Cs concentration has no trend with the actual increasing concentration of CsCl. This 

may suggest that the surface is saturated with Cs+ cation incorporation even at a low 

concentration (5 mol%) of CsCl. Furthermore, the XPS data shows that Cl- is incorporated in 

the FAPbI3 perovskite film but shows no correlation with the actual concentration of CsCl. 

 

Figure 6.16. (a) Simulations for fitting the high-resolution XPS spectra of C 1s of perovskite 

films with different concentrations of CsCl addition. (b) Weighting factor of the C(C-N) and 

C(C=N) peaks measured from perovskite films with different amounts of CsCl. (c) Relative 
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concentration of Cs and Cl on perovskite film with different concentrations of CsCl calculated 

from surface XPS measurement. 

6.4.3 Optical properties of perovskite films 

The steady-state PL spectra of FAPbI3 perovskite films with and without CsCl additive are 

shown in Figures 6.17a-b. The PL emission peak position exhibits a blueshift with increasing 

concentration of CsCl additive which is attributed to the contraction of the perovskite lattice, a 

result of the incorporation of Cl anions and Cs cations in the perovskite lattice. Pure FAPbI3 

perovskite film has a PL peak position at 800 nm whereas the perovskite films with 5, 10 and 

15% CsCl have the PL peak position at 796, 794, and 790 nm, respectively. The observed 

blueshift is consistent with previous studies on CsxFA1-xPbI3 compositions.[188, 245, 260] In 

addition, the PL intensity is significantly increased with the CsCl additive.  

From the SEM and TEM results, the FAPbI3 perovskite film with 10% CsCl has the 

highest crystal quality with the largest grain size, fewer NT and SF defects. Consequently, this 

results in a lower rate of recombination events at defects and explains the high PL intensity 

observed in the 10% CsCl sample. Figure 6.17c shows the absorbance spectra of perovskite 

films with different amounts of CsCl. Consistent with the PL spectra, a blueshift in the optical 

bandgap can be observed with increasing CsCl concentration. The pure FAPbI3 perovskite has 

an estimated optical bandgap of 1.47 eV whereas the perovskite film with 15% CsCl has the 

largest optical bandgap (1.53 eV). 

TRPL analyses were carried out on perovskite films with various CsCl concentrations 

deposited on glass substrate and are illustrated in Figure 6.17d and Table 6.3. As shown, the 

TRPL spectrum shows a bi-exponential decay and two different PL lifetimes τ1 and τ2 can be 

extracted from the plots. The pure-FAPbI3 film has lifetimes of τ1 (3.5 ns) and τ2 (0.9 ns) and 

the longest lifetimes were extracted for the 10% CsCl sample with τ1 (69.8 ns) and τ2 (11.2 ns). 

The improvement in the PL lifetime observed for this sample is consistent with the highest PL 

intensity observed for the 10% CsCl sample as shown in Figure 6.17a. 
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Figure 6.17. (a) The steady-state PL spectra, (b) normalized PL spectra, (c) optical absorbance 

spectra, and (d) TRPL of the FAPbI3 perovskite in its pure form and with different amounts of 

CsCl. 

Table 6.3. TRPL parameters of perovskite prepared with pure FAPbI3, 5% CsCl, 10% CsCl, 

15% CsCl. 

No additive 5% CsCl 10% CsCl 15% CsCl 

τ1 (ns) 

3.5 

τ2 (ns) 

0.9 

τ1(ns) 

48.1 

τ2 (ns) 

3 

τ1 (ns) 

69.8 

τ2 (ns) 

11.2 

τ1 (ns) 

41.7 

τ2 (ns) 

10 

 

6.4.4 Effect of CsCl on the crystal structure of perovskite films  

In order to understand the effect of CsCl on the microstructure of the perovskite films, TEM 

analyses were carried out on the perovskite layers with different CsCl content. Figure 6.18 gives 
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an overview of the TEM studies on the perovskite layer with 10% CsCl along three different 

orientations. Figure 6.18b is the experimental SAED pattern from the region highlighted in the 

yellow circle in Figure 6.18a and is indexed as the [211] cubic zone axis. The reflections circled 

in red are forbidden for the cubic Pm3̅m (a = 6.3506 Å) structure but can be indexed with the 

Im3̅ space group as superlattice reflections as labelled in Figure 6.18b. The structural ordering 

within the lattice effectively doubles the unit-cell parameter (2a = 12.244 Å) with the Im3̅ space 

group and explains the additional superlattice reflections. The experimental SAED pattern 

(Figure 6.18b) is in agreement with the simulated electron diffraction pattern (Figure 6.18c) for 

this cubic supercell perovskite with the atomic arrangement shown in Figure 6.18d. Similarly, 

in the experimental SAED indexed as the [001] zone axis in Figure 6.18f, the extra reflections 

(highlighted with red circles) are indexed as {
1

2

1

2
0} with a Pm3̅m space group and are hence 

forbidden reflections. However, these reflections are indexed as {110} with the Im3̅ space 

group and hence allowed. The {110} reflections are also visible in the experimental diffraction 

pattern along the [111] zone axis (see Figure 6.18j). All the diffraction patterns show the 

superlattice reflections along the 〈110〉 directions at half of the reciprocal space lattice 

parameter and are evidence for the Im3̅ structure (2a = 12.244 Å).  

The SAED patterns along various zone axes shown in Figure 6.18 confirm that the 

FAPbI3 perovskite with 10 mol% CsCl has a cubic supercell structure with a double lattice 

parameter (Im3̅, 2a), similar to the previous report on FA-based lead perovskite bulk 

crystals.[103, 261] The tilting of [PbI6]
4- octahedra results in an expanded (2 × 2 × 2) supercell 

with a lattice constant of 12.244 Å. Because of the structural flexibility of a lattice of corner-

sharing octahedra, ionic perovskites normally can go through distortions comprised of 

octahedral tilting and off-centering of the A- and B-site cations. For the FAPbI3 crystal under 

pressure in a diamond anvil cell, Zhu et al. proposed that the supercell cubic structure (Im3̅) 

has drastic [PbI6]
4- octahedral tilt thus bending the Pb-I-Pb bond angle to less than 180º.[103] 

From both their Tauc plot analysis and DFT calculations, they show a smaller bandgap 

narrowing with pressure for the Im3̅ phase compared to the Pm3̅m phase.[103] 
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Figure 6.18. BF-TEM images of FAPbI3 with 10% CsCl, corresponding SAED patterns taken 

from the grain highlighted in yellow circle in the BF-TEM images indexed with the Im3̅ crystal 

structure, simulation of the SAED patterns and corresponding atomic structure models for three 

different zone axes namely (a-d) [211], (e-h) [001], and (i-l) [111]. 

6.4.5 Morphology, crystallographic of NTs and SFs of perovskite films 

Figure 6.19 shows the BF-TEM images and corresponding SAED patterns of pure FAPbI3 

perovskite and FAPbI3 with 5, 10 and 15 mol% CsCl additives. We observed that the number 

of NTs and SFs inside a single grain decreases with increasing concentration of CsCl as shown 

in Figures 6.19a, c, e, g. The twins can be recognized by a change in contrast across the TB. 

Isolated TBs can be seen in Figure 6.19g. The corresponding SAED pattern of this region is 

shown in Figure 6.19h and the individual twin components are highlighted with a white and a 

yellow rectangle. The as-mentioned twin spots contributed by both A and B have the unsplit 

row of reflections, including the common plane shared between two sub-crystals and the 

coincident reflection reflects the twin direction.[136] The TBs are also a specific kind of SF, in 

which the octahedra become face-sharing rather than corner-sharing as shown in Figure 6.20. 
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These TBs are also effectively a unit cell of the 2H structure i.e. unit cell thick layer of δ-phase. 

Four individual bands can be seen in the region in Figure 6.19e and each individual band is a 

NT. Furthermore, the grains separated by only one isolated TB are also seen in Figure 6.19g. 

On the other extreme, when there is a high density of TBs and SFs, the individual twin segments 

or polytype segments are nanometers thick and form a miniband.[123] These twinning or 

polytypic superlattices modify the electronic structure and the optical properties of the material 

with interband and intraband optical transitions. In addition, SFs act as recombination sites in 

dislocation-free silicon, and edge dislocations reduce the PL intensity in multi-crystalline 

silicon.[126, 127] 

 

Figure 6.19. BF-TEM images and corresponding [110]c oriented-SAED pattern taken from 

grain highlighted in yellow circle for (a, b) pure-FAPbI3 film, FAPbI3 perovskite with (c, d) 5% 

CsCl, (e, f) 10% CsCl, (g, h) 15% CsCl.  
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Figure 6.20. Atomic structure of NTs. Note TBs are unit layer of δ-phase (2H). 

6.4.6 Photovoltaic cell performance 

PSC devices were fabricated using pure FAPbI3 or FAPbI3 with different CsCl concentrations 

as the active layer. Figures 6.21a-d show the cross-sectional SEM images of the PSC devices 

with active layer thicknesses ranging from 550 to 700 nm. The structure of the as-fabricated 

PSC devices is comprised of glass substrate/ITO/cp-TiO2/ms-TiO2/pure FAPbI3 perovskite or 

the FAPbI3 perovskite with different CsCl concentrations layer/Spiro-MeOTAD/Au. From 

cross-section SEM images, we can clearly see that the perovskite layer has twin defects not 

only on the surface but also in the bulk as highlighted in yellow circles shown in Figures 6.21a-

d. 

Figure 6.21e shows the J-V curves for both reverse and forward biasing scans of the 

PSCs with different perovskite compositions. The estimated values of all collected PV 

parameters are indicated in Table 6.4. The pure FAPbI3 film based solar cell device exhibits a 

PCE of 13.63% with a VOC of 1.004 V, a JSC of 25.21 mAcm-2, and a FF of 0.54 for the reverse 

scan. The addition of CsCl to FAPbI3 perovskite improves the overall device performance for 

all investigated concentrations. By adding 5 mol% CsCl to the perovskite film, the device 

efficiency dramatically increased to 20.79%. However, the perovskite film with 10 mol% CsCl 
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is found to have the optimum PV performance, with a maximum PCE of 21.98%. In detail, 

these devices demonstrate excellent improvement in all individual electrical parameters namely 

a VOC of 1.112 V, JSC of 24.93 mAcm-2 and FF of 0.793. Some possible factors leading to the 

enhancement of device performance are the increased value of the VOC and FF due to improved 

optical properties, improved film morphology (such as enlarged grain size) and a reduction in 

the defect density in the film. However, the PCE is reduced when the amount of CsCl added is 

further increased to 15 mol%. This is attributed to cracking in the perovskite film, resulting in 

more surface recombination at the cracked surface. Ye et al. has demonstrated that the film 

cracking is responsible for lowering the PSCs device performance.[262] 

 

Figure 6.21. Cross-sectional SEM images of the solar cell devices with (a) pure FAPbI3 

perovskite film, (b) 5% CsCl, (c) 10% CsCl, (d) 15% CsCl, respectively. (e) J-V curves for the 

cell using pure FAPbI3 and FAPbI3 with different concentrations of CsCl with a scan rate of 50 

mV/s. (f) The PCE and hysteresis of PSCs from perovskite films with different concentrations 

of CsCl additive. The forward scan PCEs are illustrated by the red squares, the reverse scan 

PCEs are illustrated by the blue circles. 
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Table 6.4. Comparison of PV performance parameters (VOC, JSC, FF, and PCE) of various cells 

with different perovskite compositions in forward and reverse bias with a scan rate of 50 mV/s. 

 

Samples 

VOC (V) JSC (mA/cm2) FF PCE (%) 

Reverse Forward Reverse Forward Reverse Forward Reverse Forward 

FAPbI3 1.004 1.005 25.21 25.19 0.54 0.519 13.67 13.15 

5% CsCl 1.125 1.115 24.94 24.92 0.741 0.694 20.79 19.29 

10% 

CsCl 

1.112 1.113 24.93 24.96 0.793 0.755 21.98 20.99 

15% 

CsCl 

1.02 1.018 24.21 24.18 0.705 0.699 17.4 17.23 

In summary, the cell efficiencies of FAPbI3 perovskite were significantly improved with 

CsCl addition, but only slightly enhanced with the MACl addition (Figures 6.12 and 6.21, and 

Tables 6.1 and 6.2). Therefore, it can be concluded that both the incorporation of Cl- anion and 

Cs+ cation have a positive impact on the performance of PSCs. In detail, the VOC and FF were 

significantly improved when adding CsCl additive into the perovskite solution. The VOC of pure 

FAPbI3 cell was 1.004 V, but higher values were obtained with 5% CsCl (1.125 V), 10% CsCl 

(1.131 V), or 15% CsCl (1.02 V). In contrast, the VOC slightly decreased when MACl was added 

into the perovskite solution. For instance, the VOC of pure FAPbI3 cell was 1.004 V, but lower 

values were obtained for the 10% MACl (0.989 V), 20% MACl (1.002 V), 30% MACl (0.939 

V) or 40% MACl (0.927 V). The VOC is governed by the recombination rate in the perovskite 

film. Larger grain size, pinhole-free morphology, better crystallinity, fewer defects, and higher 

PL intensities are the reasons for the improved device performance. For instance, the addition 

of 10 mol% CsCl resulted in a highly crystalline lattice structure, the lowest defect density, 

highest intensity of PL peak and longest PL lifetime, which is a major contributor to higher VOC 

values. The improved device performance is in agreement with the SEM, XRD, absorbance, 

and PL measurements as discussed above. 



137 
 

6.5 Summary 

In this systematic study, we have characterised the effect of MACl and CsCl additives on the 

structural, morphological and defects of FAPbI3 perovskite film. Electron diffraction analyses 

of pure FAPbI3 showed that the cubic α-phase is unstable and transforms into a mixture of 

different phases including the hexagonal δ-phase and an additional unreported phase that is best 

simulated with a rhombohedral R3̅ space group. We demonstrate that the MACl and CsCl 

additions have a great potential to stabilize the cubic FAPbI3 with a 2 × 2 × 2 supercell 

expansion and the Im3̅ space group. We also systematically studied the morphology and crystal 

structure of NTs and SF defects of various perovskite compositions. The defect density depends 

on the concentration of additives added to the perovskite precursor solution. A higher density 

of defects in the perovskite film resulted in reduced PL intensity and lifetime, leading to poorer 

cell performance. The MACl additive increased the density of defects in the perovskite film 

compared to the CsCl additive. The perovskite film with 10 mol% CsCl indicates the lowest 

defect density.  

Interestingly, the incorporation of MACl and CsCl into FAPbI3 changes the lattice 

parameter and optical properties with the incorporation of Cs+/MA+ cations and Cl- anion. 

Moreover, higher quality perovskite films were obtained with well-defined grain structure, 

improved crystallinity, and larger grain size, resulting in a longer carrier lifetime compared to 

pure FAPbI3 film. The addition of CsCl to the perovskite precursor solution results in a higher 

PL intensity and a longer lifetime compared to the sample with added MACl. The optimized 

PSC with 10 mol% CsCl shows the best device performance with low hysteresis and the highest 

PCE of 21.98%, which is much higher than the PSC with 20 mol% MACl with 15.46% PCE. 

Our results show that the CsCl additive is a promising candidate for stabilizing the cubic phase 

and suppressing the undesirable hexagonal δ-phase, paving the way for practical applications 

of PSCs in the near future.  
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Chapter 7. Impact of Halide Anions in CsX (X = 

I, Br, Cl) on the Microstructure and Photovoltaic 

Performance of FAPbI3 Perovskite Solar Cells 

This chapter investigates the 

key role of Cs cation and X 

halide anions (X = I, Br, Cl) on 

the microstructure, crystal 

structure, structural defects, 

optoelectronic properties and 

PV parameters of FAPbI3-

based PSCs. The CsCl-FAPbI3 

perovskite film shows the 

highest PL intensity, longest PL 

lifetime and highest PCE compared to the films compared with the CsI-FAPbI3 and CsBr-

FAPbI3 perovskite films. The morphology and crystallography of {111}c NTs and SFs are 

studied using TEM and SAED. The microstructure, crystallography and atomic structure model 

of intersecting twin boundaries are presented. Finally, the degradation pathways and the 

mechanism behind the formation of FAPbI3-based perovskites under ambient conditions are 

systematically studied. The grain boundaries of the perovskite films are nonuniformly damaged, 

resulting in many black nanoparticles after 4 weeks. Electron diffraction analyses of the black 

nanoparticles confirm the hexagonal PbI2 phase formation in all CsX-FAPbI3 perovskite 

samples after 4 weeks of ageing.  

 

7.1 Introduction 

In the past decade, PSCs have received significant attention thanks to their inexpensive solution 

processing, outstanding optoelectronic properties (such as high absorption coefficient), 

adjustable direct bandgaps,[253] low recombination rate [3] and high charge-carrier 
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mobility.[263] Since 2013, FAPbI3 is one of the leading candidates among OIMHP materials, 

and has been revealed to be a promising semiconductor for highly efficient and stable PSC 

devices.[239, 244, 264] Consequently, enormous research efforts have been trying to maximize 

its performance and long-term stability. Recently, Jeong et al. have employed a new chemical 

modification method that significantly improves the performance of FAPbI3 PSCs using 

formamidine formate (FAHCOO). They obtained a PSC device with PCE up to 25.6% (certified 

25.5%) and operational stability of more than 450 hours.[57]  

Efforts to strengthen the long-term operational stability of FAPbI3 PSCs have focused 

on optimising each of the functional layers and their interfaces, namely the passivation layer, 

electron transport layer (ETL), hole transport layer (HTL), and the perovskite absorber layer. 

Recently, various additives have been added to the FAPbI3 perovskite precursor solution to 

enhance long-term stability.[237, 244, 265] For instance, Min et al. used 

methylenediammonium dichloride (MDACl2) to stabilize the α-FAPbI3 phase and achieved a 

certified PCE of 23.7% with a long-term stable operation for more than 600 hours.[237] 

Another study concentrated on optimizing the Spiro-mF of Spiro-OMeTAD as HTL and 

achieved a PCE of 24.82% (certified 24.64%) with long-term stability for up to 500 hours in 

humid conditions.[239] Liu et al. used interface stabilization strategies to modify the interface 

between all the relevant layers, and improved the PSC device stability to over 2000 hours in 

full sunlight.[266] However, the exact mechanism for the improvement in device performance 

for these PSCs remains unclear.  

The composition of the perovskite layer is a determining factor for their stability. In 

fact, several cations (such as MA+, Cs+, Rb+), anions (Br-, I-, thiocyanate (SCN−), formate 

(HCOO−)) or a combination of both have been incorporated into the FAPbI3 perovskite 

precursor solution to enhance the crystallinity and long-term stability.[57, 85, 244, 245, 267-

270] Currently, the effect of cations and anions on the microstructure and crystallinity of 

perovskite films has yet to be elaborated. The alloying of MA or Rb in FAPbI3 results in various 

problems including phase segregation due to the presence of mixed halide with Rb; the low 

thermal stability associated with the addition of MA; and the photo-instability due to phase 

segregation and iodide migration.[85, 271] To solve these issues, one approach is to combine 

FAPbI3 with Cs+ cation and Br− anion; however, the resulting PCE is still low compared to the 

perovskite films obtained with the FAxMA1–x double cation.[272] Nevertheless, CsxFA1-x 
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mixed-cation perovskites were found to be thermally more stable than MAxFA1-x 

compositions.[265]  

Phase segregation under ambient conditions is one of the biggest issues in the OIMHP 

solar cells. There are no reported solution to prevent the degradation of OIMHP material. In 

addition, there is limited information about the initial process of degradation and the subsequent 

catastrophic and irreversible damage on PSCs. The degradation mechanisms of OIMHP 

materials are extremely complicated and differ for different compositions. For instance, in the 

case of MAPbI3 perovskite films, the degradation process is initiated by the desorption of I ions, 

followed by the decomposition of the perovskite material into the hexagonal PbI2 phase.[273-

277] In the case of FAPbI3, the degradation starts first with the transformation of the black 

photoactive cubic α-FAPbI3 perovskite phase into the yellow photoinactive hexagonal δ-

FAPbI3 phase, which then decomposes into PbI2 under ambient conditions.[278] However, the 

transformed crystal structure of FA-based perovskites during the degradation process has not 

been investigated. The degradation usually starts at grain boundaries and interfaces.[182] 

Especially, grain boundaries of OIMHP film are very sensitive to external factors and usually 

become the initial spots for the formation of lattice instabilities and defects.  

Herein we explore the role of the Cs cation and X anions (X = I, Br, and Cl) on the 

microstructure, crystal structure, structural defects, optoelectronic properties and PV 

parameters of FAPbI3-based-PSCs. Among the additives tested, the CsCl-FAPbI3 perovskite 

film showed the highest PL intensity, longest PL lifetime and highest PCE compared to the CsI-

FAPbI3 and CsBr-FAPbI3 films. The PCE of the PSC device dramatically improved from 

15.01% to 21.70% for the device using CsCl-FAPbI3 perovskite as an absorber layer, whereas 

a moderate increase in PCE to 21.09% and 19.89% is observed for CsI-FAPbI3 and CsBr-

FAPbI3 films, respectively. The morphology and crystallography of {111}c NTs and SFs are 

systematically studied using TEM and SAED. The number of twinned grains per area is 

dramatically reduced for CsCl-FAPbI3 and CsBr-FAPbI3 perovskite films. The microstructure, 

crystallography and atomic structure model of intersecting {111}c TBs are presented. Finally, 

we study the pathways and underlying mechanism of the degradation for pure FAPbI3 and CsX-

FAPbI3 perovskite films under ambient conditions. 
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7.2 Surface morphology and general microstructure of perovskite films 

To examine the influence of Cs cation and X anions (X = I, Br, Cl) on the morphology, 

microstructure, crystal structure, optoelectronic properties, and PV parameters of FA-based 

PSCs, we prepared four different perovskite compositions namely pure FAPbI3, 10 mol% CsI 

in the FAPbI3 precursor solution with excess PbI2, 10 mol% CsBr in the FAPbI3 precursor 

solution with excess PbBr2, and 10 mol% CsCl in the FAPbI3 precursor solution (denoted as 

pure FAPbI3, CsI-FAPbI3, CsBr-FAPbI3, and CsCl-FAPbI3, respectively).   

Figure 7.1 shows the impact of CsX (X = I, Br, Cl) additives on the morphology and 

microstructure of FAPbI3 perovskite films. Compared to the pure FAPbI3 film with an average 

grain size of 338 nm (Figure 7.1a), the CsI-FAPbI3 and CsBr-FAPbI3 perovskite films (Figures 

7.1b-c) had a larger average grain size of 490 nm and 598 nm, respectively. The average grain 

size of CsCl-FAPbI3 perovskite film dramatically increased to 900 nm. The boxplot in Figure 

7.1e shows the grain size distribution (extracted from top-view SEM images using the ImageJ 

software) obtained from pure-FAPbI3 and CsX-FAPbI3 perovskite films.  

 

Figure 7.1. Top-view SEM images of perovskite films with different additives (a) pure-FAPbI3, 

(b) CsI-FAPbI3, (c) CsBr-FAPbI3, and (d) CsCl-FAPbI3. (e) Boxplot showing the grain size 

distribution for pure-FAPbI3, CsI-FAPbI3, CsBr-FAPbI3, and CsCl-FAPbI3 perovskite films. 

To get a comprehensive understanding of the impact of the Cs cation and X anions on 

the crystallographic structure of FAPbI3 perovskite films, we carried out XRD measurements. 

Figure 7.2 illustrates the XRD patterns of pure FAPbI3 and CsX-FAPbI3 perovskite films at 
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room temperature. The pure-FAPbI3 perovskite film shows a small diffraction peak at 11.6º 

which is assigned to the yellow hexagonal δ-phase (highlighted by the red star symbol). 

Interestingly, the formation of the δ-phase is eliminated in CsX-FAPbI3 films. We observed a 

small peak for the PbI2 phase located at 2θ = 12.5º (highlighted by the pink star symbol) in CsI-

FAPbI3 perovskite film. 

 

Figure 7.2. (a) X-ray diffraction patterns of perovskite film with different additives. (b) XRD 

plots showing the shift in the (002) perovskite peak to higher diffraction angles. (c) Extracted 

lattice parameter full and (d) FWHM of the (002) peak of the perovskite film with different 

additives. 

All the XRD diffraction peaks were indexed with the cubic super structure Im3̅ space 

group. The additional peaks at 2θ values of 22.3º and 26.5º correspond to the (013) and (123) 

planes for the Im3̅ structure, respectively. Further evidence of the Im3̅ phase will be 

demonstrated in detail in the TEM results later. The (002) peak position shifts slightly to a 

higher 2θ angle for CsI-FAPbI3 and CsCl-FAPbI3 perovskite films. However, the most 



143 
 

prominent shift is observed in the CsBr-FAPbI3 sample (Figure 7.2b). The lattice constant can 

be extracted from the (002) peak of the XRD patterns and are plotted in Figure 7.2c for pure 

FAPbI3 and the CsX-FAPbI3 perovskite films. Compared to pure FAPbI3 with a lattice constant 

of 12.79 Å, the lattice constant is slightly reduced to 12.75 Å and 12.73 Å for CsI-FAPbI3 and 

CsCl-FAPbI3 perovskite films, respectively. The CsBr-FAPbI3 perovskite film has the smallest 

lattice constant of 12.67 Å. These results demonstrate the successful incorporation of the Cs+ 

cation and I-, Br-, Cl- anions in the perovskite crystal structure.  

Figure 7.2d also plots the FWHM for the (002) XRD peak for the different layers and 

clearly indicates a narrower peak for layers with an additive into the FAPbI3 perovskite 

precursor solution. This improved crystallinity is in agreement with the increased grain size 

observed in SEM. Compared to the pure FAPbI3 (FWHM of 0.44º), the FWHM of CsI-FAPbI3 

and CsBr-FAPbI3 perovskite films is slightly reduced to 0.39º and 0.38º. The narrowest peak is 

obtained for the CsCl-FAPbI3 perovskite film with a FWHM of 0.33º. 

The surface morphology and microstructure of the perovskite films with various 

additives were further investigated by TEM. Figure 7.3 shows the low magnification BF-TEM 

images taken from different regions of pure FAPbI3 and CsX-FAPbI3 perovskite films (spin-

coated straight on the TEM Cu/Au grids). The morphology and microstructure of perovskite 

films are consistent with the SEM and XRD results. In all samples, many grains exhibit parallel 

striped patterns. These striped patterns are a combination of crystallographic NT domains and 

SFs. The difference in crystal orientation between the NT domains often leads to differences in 

contrast in the bright-field TEM images. The pure FAPbI3 perovskite film has a high density of 

nanoscale twin lamellae and SFs. The CsX-FAPbI3 perovskite films also show many grains 

with a parallel stripe contrast characteristic of NTs. However, a drastic variation in twin density 

can be observed by varying the halide anions. The TBs observed are on the {111}c plane with 

the subscript “c” representing the index in the cubic α-phase structure. The TB orientation can 

be a critical factor governing the deformation behaviour of NTs in perovskite materials. The 

TBs are also a specific kind of SF, in which the octahedra become face-sharing rather than 

corner-sharing as discussed in section 7.3. These TBs are also effectively a unit cell of the 2H 

structure i.e. unit cell thick layer of δ-phase. The number of NTs and SFs on one grain is 

significantly reduced when adding CsX additives into the FAPbI3 perovskite precursor solution. 

It is noted that the TBs intersect at an angle of 70.5°, characteristic of {111}c planes viewed 
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edge on as shown on the Figures 7.3b-c. The crystal structure of these NTs will be discussed 

later. 

 

Figure 7.3. BF-TEM images of perovskite films taken from various regions with different 

additives (a) pure-FAPbI3, (b) CsI-FAPbI3, (c) CsBr-FAPbI3, (d) CsCl-FAPbI3. 
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The density of NTs was obtained by totalling the number of twinned grains per area of 

14 μm2 using various BF-TEM images in Figure 7.3a. The pure FAPbI3 perovskite film has the 

highest density of defects (16 twinned grains/14μm2) as shown in Figure 7.4a. The number of 

twinned grains slightly decreased to 10 twinned grains/14μm2 for the CsI-FAPbI3 perovskite 

film and was significantly reduced for CsBr-FAPbI3 and CsCl-FAPbI3 perovskite films. The 

CsCl-FAPbI3 perovskite film has the lowest density of defects with only 2 twinned grains per 

14 μm2. 

The thickness of NTs was obtained by measuring the distance between two TBs as 

highlighted in Figure 7.3c. Figure 7.4b illustrates the thickness of NTs for pure FAPbI3 

perovskite and CsX-FAPbI3 perovskite films. The NTs in pure FAPbI3 have an average 

thickness of 15 nm, while the NTs in CsI-FAPbI3, CsCl-FAPbI3 perovskite films are slightly 

thicker, 19 nm and 21 nm thick, respectively. In the CsBr-FAPbI3 film, the NTs have the largest 

thickness with an average of 44 nm. 

 

Figure 7.4. (a) Plot of the number of twinned grains per area of various perovskite films 

including pure FAPbI3, CsI-FAPbI3, CsBr-FAPbI3, CsI-FAPbI3. (b) Boxplot showing the 

distribution in the twin domain thickness for different perovskite films including pure FAPbI3, 

CsI-FAPbI3, CsBr-FAPbI3, CsI-FAPbI3.  

The impact of the Cs cation and X anions on the microstructure and crystal structure of 

the FAPbI3 perovskite films was further studied using TEM and SAED analysis. Figure 7.5 

shows the BF-TEM images and SAED patterns of the CsX-FAPbI3 perovskite films along three 

different orientations: [001], [111], and [211]. The superlattice reflections highlighted in red 

circles are forbidden for the cubic α-phase with the Pm3̅m space group (a = 6.3506 Å). These 
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diffraction patterns could not be assigned to a cubic α-phase but can be indexed to a cubic 

superstructure with the Im3̅ space group as superlattice reflections. The structural ordering 

within the lattice and octahedral tilting effectively doubles the unit-cell parameter (2a = 12.79 

Å) with the Im3̅ space group and explains the additional superlattice reflections. These 

forbidden reflections were also observed in perovskite films with triple-cation compositions 

such as Cs0.05FA0.78MA0.17PbI3.[279] Doherty et al. reported that these superstructure 

reflections originate from the octahedral tilting whereby the BX6 corner-sharing octahedra tilt 

away from perfect cubic symmetry.[279] Furthermore, the unit-cell parameter with the Im3̅ 

space group is effectively doubled with the structural ordering within the lattice, resulting in 

the additional superlattice reflections. The experimental SAED pattern (Figure 7.5) is in 

agreement with the simulated electron diffraction pattern (Figure 6.10, Chapter 6) for this cubic 

supercell perovskite. 

 

Figure 7.5. BF-TEM images and corresponding SAED patterns taken from the grain 

highlighted in yellow circle in the BF-TEM images indexed with the Im3̅ crystal structure for 

three different additives (a) CsI-FAPbI3, (b) CsBr-FAPbI3, and (c) CsCl-FAPbI3 along three 

zone axes [001], [111], and [211]. 
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7.3 Morphology, crystallography of NTs and SFs of perovskite films 

In fcc metals and inorganic perovskite materials, the crystallography of the twin is the mirroring 

of the atomic arrangement across the TB plane. This symmetry can be observed most clearly 

along the [110]c zone axis which is the intersection of {111}c twinned planes. The {111}c planes 

viewed edge-on along the [110]c direction intersect at an angle of 70.5°.[108, 280] Figures 7.6a, 

e, j show the morphology and microstructure of FAPbI3 perovskite films with CsX additives. 

In all the samples, {111}c TBs were found. The BF-TEM images indicate a single grain 

containing multiple {111}c TBs when CsX is incorporated into FAPbI3 perovskite. The yellow 

dashed lines highlight the TBs. The CsI-FAPbI3 perovskite film has a higher density of NTs 

and SFs in one grain compared to the CsBr-FAPbI3 and CsCl-FAPbI3 perovskite films. The 

twin orientation of the crystal domains is confirmed by SAED patterns. Figures 7.6b, f, j show 

the SAED patterns taken from the stripy region highlighted in the yellow colour in Figure 7.6a, 

e, i and the diffraction pattern was indexed to be along the [110]c zone axis. The red dashed line 

identifies the twin axis which is perpendicular to the (111)c plane.  

The morphology and microstructure of individual twins in CsX-FAPbI3 perovskite films 

are shown in Figures 7.6c, g, k. The individual TB can be recognized in bright-field TEM 

images because the two twin domains exhibit a different contrast across the TB. This difference 

is due to diffraction contrast from the twin domains relative to the incoming beam. In BF-TEM, 

highly diffracting crystals appear dark and less diffracting crystals appear bright since more 

electrons pass through the material, as seen in the micrograph. Diffraction patterns obtained 

from {111}c TB regions in Figures 7.6c, g, f are shown in Figures 7.6d, h, l, respectively. The 

atomic structure models of nanotwins with single and multiple TBs are shown in Figure 7.7. 
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Figure 7.6. BF-TEM images and SAED patterns along [110]c orientations obtained from (a, b) 

multiple TBs and (c, d) single TB into one grain for CsI-FAPbI3 perovskite film. BF-TEM 

images and SAED patterns along [110]c obtained from (e, f) multiple TBs and (g, h) single TB 

into one grain for CsBr-FAPbI3 perovskite film. BF-TEM images and SAED patterns along 

[110]c obtained from (i, j) multiple TBs and (k, l) single TB into one grain for CsCl-FAPbI3 

perovskite film. The yellow dashed lines in BF-TEM images highlight the TB. 
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Figure 7.7. Atomic structure model of NTs with (a) single TB, (b) double TBs, (c) triple TBs, 

and (d) multiple TBs. 

The {111}c TBs intersect at 70.5º as commonly observed in perovskite materials.[14-

16] Figure 7.8 shows the morphology and crystallography of two {111}c TBs stripes 

intersecting at an angle of around 70.5° in the CsBr-FAPbI3 perovskite film. The corresponding 

SAED pattern taken from the twinned grain in Figure 7.8a is shown in Figure 7.8b. We use 

SingleCrystal and CrystalMaker simulations to reproduce the atomic structure that best matches 

the diffraction pattern from the intersecting TBs. Figure 7.8c shows the atomic structure that 

can best simulate the experimental diffraction results. As shown, the structure has three 

component parts A, B, and C. Figures 7.8d, e, f show the simulated electron diffraction patterns 

for A, B, and C, respectively. The overlay of the simulations is illustrated in Figure 7.8g and is 

in excellent agreement with the experimental diffraction pattern in Figure 7.8b. These 

simulations clearly illustrate that the {111}c TB can be coherent, for example, TB1 and TB2 in 

Figure 7.8c. 
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Figure 7.8. (a) BF-TEM image of two TBs intersecting at an angle of around 70.5° and (b) 

corresponding experimental SAED pattern taken from twinned grain in the CsBr-FAPbI3 

perovskite film. (c) Atomic model of two TBs intersecting at an angle of around 70.5°. 

Simulation of electron diffraction patterns along [110]c zone axis for the crystal (d) part A, (e) 

part B, (f) part C. (g) Overlapping the simulated SAED from part A, B, and C. 

7.4 Optical properties and device performance 

Steady-state PL measurement of FAPbI3 perovskite films with CsX additives on glass substrate 

shows the highest PL peak intensity for the CsCl-FAPbI3 film, followed by the CsBr-FAPbI3 

film, CsI-FAPbI3 film, and pure-FAPbI3, respectively (Figure 7.9a). A small blueshift in the 

peak PL emission wavelength was observed for the CsI-FAPbI3 and CsCl-FAPbI3 perovskite 

films compared to pure FAPbI3 films. However, the CsBr-FAPbI3 perovskite film results in a 

bigger PL blueshift (Figure 7.9b). It also confirms that Cl anion is evaporated during the 

annealing process and is not incorporated as efficiently as Br, as otherwise, it would have shown 
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an even bigger PL blueshift. These results demonstrate that the optical bandgap of CsI-FAPbI3 

and CsCl-FAPbI3 perovskite films is slightly increased, and it is increased more significantly 

for the CsBr-FAPbI3 perovskite film (Figure 7.9b). The trend in the variation of the optical 

bandgap agrees with the observed contraction in the lattice constant as discussed in the XRD 

results. This clearly suggests that Cs cation and I, Br, Cl anions were successfully incorporated 

into the perovskite lattice. 

 

Figure 7.9. (a) The steady-state PL spectra, (b) normalized PL spectra and (c) TRPL of the 

FAPbI3 perovskites in pure form and CsI-FAPbI3, CsBr-FAPbI3, CsCl-FAPbI3. (d) Cross-

sectional SEM images of the PSC devices with pure FAPbI3 perovskite film and FAPbI3 

perovskite with various additives of CsI, CsBr, and CsCl, respectively. (e) Forward and reverse 

J-V curves for the solar cell using pure FAPbI3 film and CsI-FAPbI3, CsBr-FAPbI3, CsCl-

FAPbI3 perovskite films with a scan rate of 50 mV/s.  

The influence of the Cs cation and X anions on the lifetime of FAPbI3 perovskite films 

was obtained from TRPL measurements. Figure 7.9c shows that the lifetime of the perovskite 

films was remarkably improved with CsX additions into FAPbI3. The CsCl-FAPbI3 perovskite 

film has the longest PL lifetime. The enhancement in the PL lifetime is consistent with the state-

steady PL results. 
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To understand the impact of Cs cation and X anions on the PV performance, solar cell 

devices were fabricated using pure FAPbI3 and CsX-FAPbI3 films as the active layer. We 

fabricate the full PSC devices from these layers using a solar cell structure of glass 

substrate/ITO/cp-TiO2/ms-TiO2/pure FAPbI3 perovskite or the CsX-FAPbI3 perovskites 

layer/Spiro-MeOTAD/Au. Figure 7.9d shows this layout from cross-sectional SEM images of 

the full PSC devices with the thickness of the absorber layers ranging from 550 to 700 nm. The 

cross-sectional SEM images confirmed that compared to pure FAPbI3, the grain size was 

slightly increased with CsI-FAPbI3 and CsBr-FAPbI3 perovskite films and significantly 

increased with CsCl-FAPbI3 perovskite film. 

Given that the CsCl-FAPbI3 perovskite film has a larger crystallite size, higher 

crystallinity, stronger PL intensity and longer carrier lifetime, it can be expected that the solar 

cell devices based on these perovskite films will deliver a better performance. Figure 7.9e shows 

the J-V curves of the PSC devices using pure-FAPbI3 and CsX-FAPbI3 perovskites as absorber 

layers for both reverse and forward bias scans. The statistical PV parameters of all PSC devices 

are summarized in Table 7.1. The solar cell device based on pure FAPbI3 film exhibits a reverse 

scan PCE of 15.01% with a short-circuit photocurrent density (JSC) of 25.08 mAcm-2, an open-

circuit voltage (VOC) of 1.044 V, and a fill factor (FF) of 0.573 for the reverse scan. The CsX-

FAPbI3 perovskites indicate better device performance compared to pure FAPbI3. By using 

CsBr-FAPbI3 perovskite as an absorber layer, the device efficiency is slightly enhanced to 

19.89%. The reverse scan PCE of CsI-FAPbI3 based PSCs is significantly increased to 21.09%. 

The solar cell devices based on CsCl-FAPbI3 perovskite film shows a maximum reverse scan 

PCE of 21.70% and the best performing PSC device is improved in all individual PV parameters 

namely a JSC of 24.38 mAcm-2, VOC of 1.114 V, and FF of 0.763. The external quantum 

efficiency (EQE) of the cell using CsCl-FAPbI3 film is presented in Figure 7.10a, which shows 

high values in the whole visible spectrum and a sharp edge at the wavelength (~800 nm) 

corresponding near the band gap (1.5 eV) of the CsCl-FAPbI3 film. Interestingly, the PSC 

device using CsBr-FAPbI3 perovskite shows the highest VOC of 1.177 V compared to 1.111 V 

and 1.114 V for CsI-FAPbI3 and CsCl-FAPbI3 perovskite, respectively. The open-circuit 

voltage is directly related to the bandgap of the active layer in the PSC device. CsBr-FAPbI3 

perovskite film has the largest optical bandgap resulting in the highest observed VOC.   

The introduction of halide anions in CsX (X = I, Br, Cl) into FAPbI3 perovskite can 

change the hysteresis of the PSC devices. The J-V plots of the perovskite film with various 



153 
 

anions are shown in Figure 7.9e. There is significant hysteresis in the CsI-FAPbI3 PSC. 

However, hysteresis was suppressed in the cell using CsBr-FAPBI3 and CsCl-FAPbI3 

perovskite layers. These findings suggest that the perovskite films with a higher density of NTs 

and SFs have more hysteresis in their solar cell performance. Figure 7.10b shows the light 

stability of the best-performed cell using CsCl-FAPbI3 films, the PCE remains at more than 

95% after 120 h of operation. 

 

Figure 7.10. External quantum efficiency (EQE) of PSC using CsCl-FAPbI3 perovskite film. 

The integrated current calculated from the EQE data is 23.8 mA/cm2. (b) Light stability of CsCl-

FAPbI3 perovskite solar cell upon 120 h under continuous illumination (white LED light at the 

intensity ~ 1 Sun), at fixed voltage close to the maximum power point, in nitrogen environment 

and the cell temperature is kept at 25 oC. 

Table 7.1. Comparison of PV performance parameters (VOC, JSC, FF, and PCE) of various cells 

with different perovskite compositions in forward and reverse bias with a scan rate of 50 mV/s. 

 

Samples 

VOC (V) JSC (mA/cm2) FF PCE (%) 

Reverse Forward Reverse Forward Reverse Forward Reverse Forward 

FAPbI3 1.044 1.042 25.08 24.91 0.573 0.57 15.01 14.80 

CsI 1.111 1.061 24.49 24.39 0.775 0.678 21.09 17.55 

CsBr 1.177 1.168 23.54 23.50 0.718 0.747 19.89 20.51 

CsCl 1.114 1.113 24.38 24.44 0.799 0.763 21.70 20.77 
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7.5 Degradation process of CsX-FAPbI3 perovskites  

Finally, we investigate the impact of halide anions on the moisture stability of pure FAPbI3 and 

CsX-FAPbI3 (X = I, Br, Cl) perovskite films. To study the degradation process, the perovskite 

films were stored at room temperature, in air and a humid environment with relative humidity 

ranging from 70% to 85% for different lengths of time. Figure 7.11 shows the XRD patterns of 

fresh pure FAPbI3 and CsX-FAPbI3 perovskite films and samples stored in ambient air over 4 

weeks. The formation of the PbI2 phase was observed in all samples after 4 weeks of ageing. 

However, the XRD measurements are insensitive to local variations and cannot be used to 

understand the degradation pathway of OIMHP materials. 

 

Figure 7.11. The XRD patterns of fresh sample and samples stored in the air at room 

temperature of pure FAPbI3 and CsX-FAPbI3 perovskite films. 

TEM analysis is better suited to understand the morphological, microscopic changes in 

the perovskite films as a function of humidity exposure. Perovskite films were prepared on 

TEM Cu/Au grids and the films were stored under ambient conditions for 1 week and 3 weeks, 

respectively. Figures 7.12a-d show the BF-TEM images of fresh perovskite films including 
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pure FAPbI3 and various CsX-FAPbI3 perovskite films. The surfaces of fresh samples are 

mostly smooth, uniform, and clean with distinctive grain boundaries.  

The pure FAPbI3 sample with 1 week of ageing shows the presence of many nanovoids 

highlighted in yellow which are mainly distributed at grain boundaries and less inside the grains 

(Figure 7.12e). Some black nanoparticles highlighted in red colour were formed around grain 

boundaries of the pure FAPbI3 perovskite film. The black nanoparticles at grain boundaries in 

BF-TEM images can be attributed to the presence of the PbI2 phase. The morphologies of the 

perovskite grains of pure FAPbI3 film are significantly degraded with 3 more weeks of ageing, 

as shown in Figure 7.12i. The number of black particles is significantly increased at the grain 

boundaries. The number of voids dramatically increased not only at grain boundaries but also 

inside the grains. 

For CsX-FAPbI3 perovskite, many black nanoparticles highlighted in red outline were 

formed around the grain boundaries of the films after 1 week of ageing. We also observed a 

small number of nanovoids inside the grains for CsI-FAPbI3 sample (Figure 7.12f). The 

nanovoids were not visible after 1 week of ageing in CsBr-FAPbI3 and CsCl-FAPbI3 perovskite 

films (Figures 7.12g, h). However, after 3 weeks of degradation, the grain boundaries of CsX-

FAPbI3 were destroyed, large interstitial voids are visible and black nanoparticles are formed 

around the grains. These results are consistent with the report from Yu et al. on the degradation 

of MAPbI3-xClx layers under moisture and oxygen ambient.[281] They demonstrated that grain 

boundaries are the initial sites for degradation in the perovskite films. Interestingly, we found 

that the NT domains are very stable under ambient air at room temperature. We observed that 

the degradation is more severe at the grain boundaries compared to other regions in the 

perovskite films. 

The degradation of OIMHP materials might proceed through various complicated 

crystallographic and phase transformation routes depending on the composition. Previously, 

few studies have reported the use of TEM to directly observe the change in the mixed-cation 

perovskite under subsequent phase transformation and transitions to PbI2.[13, 181, 182, 282] 

Manekkathodi et al. have observed the formation of PbI2 phase in 

Cs0.05MA0.1FA0.85Pb(I0.85Br0.15)3 composition using HR-TEM.[182] However, OIMHP 

materials are very sensitive to intense electron beam especially when imaged using HR-TEM. 

Consequently, care was exercised to minimise beam related artefacts by recording both the BF-
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TEM images and the corresponding SAED patterns in all samples when confirming the 

formation of PbI2 phase. 

 

Figure 7.12. BF-TEM images of (a) pure FAPbI3, (b) CsI-FAPbI3, (c) CsBr-FAPbI3, (d) CsCl-

FAPbI3 fresh perovskite films. BF-TEM images of (e) pure FAPbI3, (f) CsI-FAPbI3, (g) CsBr-

FAPbI3, (h) CsCl-FAPbI3 perovskite films with 1 week of ageing at room temperature. BF-

TEM images of (i) pure FAPbI3, (j) CsI-FAPbI3, (k) CsBr-FAPbI3, (l) CsCl-FAPbI3 perovskite 

films with 3 weeks of ageing. 

Figure 7.13 shows the microstructure and crystal structure of CsCl-FAPbI3 perovskites 

after 3 weeks of ageing. The experimental SAED patterns obtained from grains highlighted in 

yellow circles confirm that the crystal structure of CsCl-FAPbI3 transforms from the cubic 

supercell perovskite structure to the rhombohedral (trigonal) structure. In detail, the 

experimental SAED pattern (Figure 7.13b) taken from the BF-TEM image in Figure 7.13a is 

consistent with the simulated electron diffraction pattern along the [21̅1̅6] zone axis (Figure 

7.13c) for the perovskite rhombohedral (trigonal) R3̅ phase. Similarly, the experimental SAED 

patterns (Figures 7.13e, h) obtained from the BF-TEM images in Figures 7.13d, g are consistent 
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with the simulated electron diffraction patterns along the [1 1 2̅ 12] and [1̅102] zone axes 

(Figure 7.13c) for the rhombohedral (trigonal) phase, respectively. The formation of the 

rhombohedral (trigonal) phase was further confirmed for CsI-FAPbI3 and CsBr-FAPbI3 

perovskite films after 3 weeks of ageing as shown in Figures 7.14 and 7.15. 

 

Figure 7.13. BF-TEM images, experimental SAED patterns taken from grain highlighted in 

yellow circle and simulated electron diffraction patterns along [21̅1̅6], [1 1 2̅ 12] and [1̅102] 

zone axes of CsCl-FAPbI3 perovskite films with 3 weeks of ageing. 
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Figure 7.14. BF-TEM images, experimental SAED patterns taken from grain highlighted in 

yellow circle and simulation electron diffraction patterns of CsI-FAPbI3 perovskite films with 

3 weeks of ageing. 

 

Figure 7.15. BF-TEM images, experimental SAED patterns taken from grain highlighted in 

yellow circle and simulation electron diffraction patterns of CsBr-FAPbI3 perovskite films with 

3 weeks of ageing. 

Figure 7.16 illustrates the morphology and crystallography of CsX-FAPbI3 perovskites 

after 4 weeks of ageing. Figures 7.16a-d show the bright-field TEM images and SAED patterns 

obtained from the grain highlighted in yellow circles of the CsI-FAPbI3 perovskite film. The 
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BF-TEM images indicate that at random positions, the grain structure evolves into segregated 

dark nanoparticles that are associated with degradation. The heterogeneous damage and 

formation of nonuniformly distributed PbI2 nanoparticles lead to a single grain. The SAED 

patterns from the dark nanoparticles are shown in Figures 7.16b, d and index with the hexagonal 

PbI2 phase along the [11̅01] and [4̅401] zone axes, respectively. Figures 7.16e-h illustrate the 

BF-TEM images and SAED patterns taken from the grain highlighted in yellow circles of the 

CsBr-FAPbI3 perovskite film. The grain boundaries of perovskite film were nonuniformly 

damaged, resulting in many nanoparticles. The SAED patterns in Figures 7.16f and h confirmed 

the formation of the hexagonal PbI2 phase along [8̅801] and [81̅7̅3] zone axes, respectively. 

The BF-TEM images and SAED patterns taken from the grain highlighted in yellow circles of 

the CsCl-FAPbI3 perovskite film are shown in Figures 7.16i-l. BF-TEM images indicate that 

the grain boundaries have disappeared in some regions, indicating that many grains coalesced 

into one bigger grain. The SAED patterns taken from the big grain highlighted in yellow circles 

are consistent with the hexagonal PbI2 phase along the [11̅01] and [1̅54̅3̅] zone axes. The 

hexagonal PbI2 phase was observed in all CsX-FAPbI3 perovskite samples after 4 weeks of 

ageing.  
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Figure 7.16. BF-TEM images and corresponding SAED pattern taken from grain highlighted 

in yellow circle for (a-d) CsI-FAPbI3, (e, h) CsBr-FAPbI3, (i, l) CsCl-FAPbI3 perovskite films 

stored at room temperature for 4 weeks.  

7.6 Summary 

In this chapter, we systematically study the impact of the Cs cation and halide anions on the 

microstructure, crystal structure, structural defects, optoelectronic properties and PV 

parameters of FAPbI3 PSCs with the use of CsX additives (X = I, Br, and Cl). CsX-FAPbI3 

perovskite films have a cubic supercell structure with the Im3̅ space group. Among the additives 

tested, the CsCl-FAPbI3 perovskite film shows the highest PL intensity, longest PL lifetime and 

highest PCE compared to the films with CsI and CsBr. We observed that the PCE and hysteresis 

were dramatically improved as the density of NTs and SFs decreased. The PCE of the PSC 

device showed the largest improvement (from 15.01% to 21.70%) after adding CsCl into the 
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FAPbI3 perovskite. An improvement in PCE is also observed for CsI (21.09%) and CsBr 

(19.89%) additives. The morphology and crystallography of {111}c NTs and SFs are studied 

using TEM and SAED. Both single TB and multiple TBs were observed in CsX-FAPbI3 

perovskite films. The number of twinned grains per unit area is dramatically reduced when CsCl 

and CsBr are incorporated into FAPbI3 perovskite. The microstructure, crystallography and 

atomic structure model of two TBs separating three twins and intersecting at an angle of around 

70.5° are also presented.  

Finally, we systematically investigate the degradation pathways and their underlying 

mechanism for CsX-FAPbI3 perovskite under ambient conditions. The pure FAPbI3 sample 

after 1 week of ageing shows the presence of many nanovoids which are mainly distributed at 

grain boundaries, with comparatively few nanovoids observed inside the grains. We also 

observed a small number of nanovoids inside the grains for the CsI-FAPbI3 sample. For CsBr-

FAPbI3 and CsCl-FAPbI3 perovskite films, the nanovoids do not appear after 1 week of ageing. 

However, the surface morphology is slightly changed with many black nanoparticles formed 

around grain boundaries. The grain boundaries of the perovskite films were nonuniformly 

damaged, resulting in many black nanoparticles after 3 weeks. The crystal structure of CsX-

FAPbI3 changes from cubic supercell perovskite structure to rhombohedral (trigonal) structure 

after 3 weeks. Electron diffraction analyses of the black nanoparticles confirmed the formation 

of the hexagonal PbI2 phase formation in all CsX-FAPbI3 perovskite samples after 4 weeks of 

ageing. Interestingly, we found that the NTs are very stable under ambient air at room 

temperature. 
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Chapter 8. Conclusions and future directions 

8.1 Conclusions 

8.1.1 Research outcomes 

The aim of this thesis is to provide an in-depth understanding of the microstructure, crystal 

structure, elemental composition, and defects in various perovskite compositions using electron 

microscopy techniques. Furthermore, the influence of different additives on the microstructure, 

crystal structure and PV performance is also investigated. Below are the conclusions and 

discussions extracted from this study. 

Chapters 1 to 3 provide the research motivation and background for PSCs. The theory 

behind the experimental techniques used in this thesis is provided namely for X-ray diffraction, 

optical and electrical characterization, and various electron microscopy techniques. 

  The research findings and outcomes were detailed in chapters 4, 5, 6 and 7. A summary 

of each of these chapters is provided below. 

Chapter 4 studies the chemical and structural properties of the 

Rb0.03Cs0.07FA0.765MA0.135PbI2.55Br0.45 perovskite film. The simulation and experimental results 

clarify the fundamental understanding of the morphology, microstructure, crystal structure, 

phase segregation, and elemental composition of multi-cation mixed-halide perovskites. In 

general, it is found that Rb+ cation was not incorporated into the perovskite crystal structure and 

only exist separately in the perovskite film as a segregated phase. In contrast, Cs+ cation was 

found to be incorporated into the perovskite structure and segregated within a Rb and Cs-rich 

phase. The Rb+ and Cs+ cations were typically segregated at the grain boundaries of the 

perovskite film as a discrete Rb- and Cs-rich phase. The Rb and Cs rich phase tends to form at 

the grain boundaries of the perovskite film thus improving the perovskite film stability.  

The structure of multi-cation mixed-halide perovskite is also shown to be a mixture of 

MA and FA phases. The visibility of some forbidden reflections was attributed to three possible 

explanations, namely (a) superlattice reflections arising from a doubling of the unit cells along 

the a and b axes, (b) chemical ordering within the A-site cations and/or the halide site anions 

and (c) twin formation. Furthermore, we show the evidence for the coexistence of cubic and 
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tetragonal phases in the diffraction patterns at room temperature. The results presented in this 

chapter offer additional insights into the cation incorporation in mixed-halide perovskite 

materials. Finally, the J-V curves of the PSC device using multi-cation mixed-halide perovskite 

reveal that there is little hysteresis in the cell, and a steady PCE of 20%. 

Chapter 5 explores the twinning formation in cubic and tetragonal multi-cation mixed-

halide perovskite. We develop a combination of low-dose electron microscopy studies and 

diffraction simulations of different atomic structures to identify a common twinning structure 

in both the cubic and tetragonal phases of the Rb0.05Cs0.095MA0.1425FA0.7125PbI2Br hybrid 

perovskite. We have shown unambiguously the presence of both {111}c and {011}t twins in 

multi-cation mixed-halide perovskite films at room temperature. The number of cubic twins in 

this material is higher than the number of tetragonal twins observed. A coherent TB was 

proposed for the cubic phase with no splitting of diffraction spots between the twin and the 

matrix. In contrast, the interface between the tetragonal matrix and twin is semi-coherent and 

has a 1º tilt between the two. This was confirmed by the splitting in the electron diffraction 

spots from the matrix and the twin. Additional splitting of spots was ascribed to the octahedral 

tilt in the tetragonal structure which results in a 2º split for non-coincident spots.  

A unique way of differentiating the twins in the tetragonal and cubic crystal structure of 

as-studied perovskite materials is also identified where splitting of spots was only observed for 

tetragonal twins. Both single and double twin structures were observed for the tetragonal phase. 

We propose that the cubic twins are more likely to be AX3 centred while the tetragonal twins 

are more likely to Pb centred because of the minimum distortion to the Pb-I/Br octahedral 

arrangement. This has significant implications for A cation and X anion segregation at the twin 

defects. These results provide a better understanding of the crystal structure defects in multi-

cation mixed-halide perovskite materials. Further experimental studies on the effect of twins 

on the electron-hole recombination and transportation are necessary to elaborate on the best 

strategy for performance improvement of PSCs in the future. 

Chapter 6 studies the effect of MACl and CsCl additives on the structure, morphology, 

and defect structures in FAPbI3 perovskite film. Electron diffraction analyses of pure FAPbI3 

showed that the cubic α-phase is unstable and transforms into a mixture of different phases 

including the hexagonal δ-phase and an additional unreported phase that is best simulated with 

a rhombohedral R3̅ space group. We demonstrate that the MACl and CsCl additions have a 

great potential to stabilize the cubic FAPbI3 with a 2 × 2 × 2 supercell expansion and the Im3̅ 
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space group. The {111}c twins were observed in all samples. We also systematically studied 

the morphology and crystal structure of NTs and SFs in various perovskite compositions. The 

defect density depends on the concentration of additives added to the perovskite precursor 

solution. A higher density of defects in the perovskite film resulted in reduced PL intensity and 

lifetime, leading to poorer cell performance. The MACl additive increased the density of defects 

in the perovskite film compared to the CsCl additive. The perovskite film with 10 mol% CsCl 

has the lowest defect density.  

Interestingly, the incorporation of MACl and CsCl into FAPbI3 changes the lattice 

parameter and optical properties with the incorporation of Cs/MA cations and Cl anion. 

Moreover, higher quality perovskite films were obtained with larger grain size, well-defined 

grain structure, and improved crystallinity, resulting in a longer carrier lifetime compared to 

pure FAPbI3 film. The addition of CsCl to the FAPbI3 perovskite precursor solution results in 

a higher PL intensity and a longer lifetime compared to the sample with added MACl. The 

optimized PSC with 10 mol% CsCl shows the best device performance with low hysteresis and 

the highest PCE of 21.98%, which is much higher than the PSC for 20 mol% MACl with 

15.46% PCE. Our results show that the CsCl additive is a promising candidate for stabilizing 

the cubic phase and suppressing the undesirable hexagonal δ-phase, paving the way for practical 

applications of PSCs in the near future.  

Chapter 7 investigates the key role of Cs cation and halide anions on the microstructure, 

crystal structure, structural defects, optoelectronic properties and PV parameters of FAPbI3 

PSCs with the use of CsX additives (X = I, Br, and Cl). CsX-FAPbI3 perovskite compositions 

have a cubic structure with the expansion of the unit cell to a 2 × 2 × 2 supercell and the space 

group Im3̅. By introducing CsCl addition into FAPbI3, the perovskite film showed the highest 

PL intensity, longest PL lifetime and highest PCE compared to the films with CsI and CsBr 

additions. The PCE of PSC device dramatically improved from 15.1% to 21.70% after adding 

CsCl into FAPbI3 perovskite, whereas a moderate increase in PCE to 21.09% and 19.89% is 

observed for CsI and CsBr, respectively.  

The morphology and crystallography of  {111}c NTs and SFs are studied using TEM 

and SAED. The NTs structure including single, double, and multiple TBs were observed in 

CsX-FAPbI3 perovskite compositions. The number of twinned grains per unit area is 

dramatically reduced when CsCl and CsBr additions are incorporated into FAPbI3 perovskite. 
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The morphology, microstructure, crystallography and atomic structure of two TBs intersecting 

at an angle of around 70.5º are presented.  

Finally, we systematically studied the degradation pathways and their underlying 

mechanism for CsX-FAPbI3 perovskite compositions under ambient conditions. The pure 

FAPbI3 sample with 1 week of ageing shows the presence of many nanovoids which are mainly 

distributed at grain boundaries and fewer nanovoids are observed on the surfaces of grains. We 

also observed small numbers of nanovoids inside the grains for CsI-FAPbI3 sample. For CsBr-

FAPbI3 and CsCl-FAPbI3 perovskite films, the nanovoids do not appear after 1 week of ageing. 

However, the surface morphology is slightly changed with many black nanoparticles formed 

around grain boundaries. The grain boundaries of the perovskite film were nonuniformly 

damaged, resulting in many nanoparticles after 4 weeks. Electron diffraction analyses of the 

black nanoparticles confirmed the formation of the hexagonal PbI2 phase formation in all CsX-

FAPbI3 perovskite samples after 4 weeks of ageing. More interesting, we found that the NT 

domains are very stable at room temperature under ambient conditions. 

8.1.2. The key achievements of the study in the context of current research 

Along with the objective achievement, this PhD thesis also brings out some other valuable 

scientific discoveries, which are very useful for the future research and development of PSCs. 

Since the first PSC have been introduced in 2009, enormous international research 

efforts have focused on improving PV device performance. However, the microstructure, 

crystal structure, atomic structure and defects of OIMHP materials remain unknown. In many 

perovskite compositions, even the space group remains in dispute. In this thesis, we used low-

dose electron microscopy to study the microstructure of various perovskite compositions. A 

comprehensive evaluation about the microstructure, crystal structure and defects of various 

OIMHP materials has been discussed in this thesis. This contributes to the materials design for 

achieving more stable and highly perovskite PV device performance. We demonstrated that the 

microstructure and defects of OIMHP materials can also play a significant role, providing 

further scope for the optimisation of this exciting PV technology. This would allow the low-

cost and highly efficient solar cell technology based on perovskite materials to 

commercialisation. 
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 We have also developed protocols for minimising beam damage using electron 

microscopy to ensure reliable structural measurements. In order to minimise the damage of 

OIMHP materials under electron beam, we employ the low-dose TEM technique with a dose 

rate of about 2 e Å-2 s-1 and rapid acquisition condition. The condenser aperture size is 40 μm, 

an exposure time is 0.5 seconds, a spot size of 3 to 5 was used (depending on the thickness of 

the specimen) and the beam was spread to reduce the dose rate. To enhance the contrast of BF-

TEM images, the 20 μm objective aperture was used. All TEM images and SAED patterns were 

recorded from the non-exposed regions of the sample. When collecting the SAED pattern, we 

used the selected area aperture to select the region of interest. With these protocols, this study 

has clarified some of the key information in the structure evolution and the degradation 

mechanism of OIMHP materials. All of the structural findings using electron microscopy 

techniques in this thesis are highly useful to fundamentally understand the intrinsic structure 

and the degradation mechanism of these materials, and contribute to the development of 

OIMHP-based solar cells. We also demonstrated that defects are one of the reasons for the 

increase of hysteresis in the PSCs devices. 

Some of research protocols and characterisation approaches in this study may be also 

useful for other research fields, for example, investigating the microstructure and crystal 

structure of beam sensitive materials such as metallic glasses, and organic materials… 

8.2 Future directions 

The outcomes of this thesis demonstrate the importance of microstructure, crystal structure and 

defects in the OIMHP layer to understand and improve the optical properties as well as PSC 

device performance. The main obstacles in employing various microscopy instruments to study 

OIMHP materials have been investigated. Based on the outcomes and remaining challenges, 

we may be able to suggest several future directions for improving the basic understanding of 

the microstructure of OIMHP materials and the device performance of PSCs. 

In some OIMHP materials, the space group is still under debate. Precession electron 

diffraction (PED) improves the symmetry determination and helps to reduce the dynamical 

effect. The convergent beam electron diffraction (CBED) has been considered as one of the 

best techniques to determine the crystal symmetry. However, the perovskite materials are 

highly sensitive to electron beam and not compatible to some electron microscopy techniques, 
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including CBED. To minimise the electron beam damage, low dose four-dimensional STEM 

(4D-STEM) can be the promising technique to study the CBED in OIMHP materials. 

Another phenomenon emerging in the investigation of FA-based PSC is the appearance 

of NT domains and SFs, which is highly promising to further discover, especially observing the 

atomic structure of NTs, TB, and SFs. HR-TEM is very powerful and useful to be employed in 

the characterization of crystal structures on extremely small scale. However, OIMHP materials 

are highly sensitive and easily damage under intense electron beam irradiation, thus making 

high-resolution electron microscopy extremely challenging. For example, MAPbI3 decomposes 

into PbI2 at a total dose irradiation higher than 150 eÅ−2s−1.[13] However, the common electron 

dose in a normal HR-TEM is around 800–2000 eÅ−2s−1, which is much higher than the 

affordable dose for MAPbI3 perovskite.[283, 284] To minimise the electron beam damage, low 

dose STEM and 4D-STEM techniques should be explored more thoroughly in obtaining atomic 

resolution images of twin domains, twin boundaries, and stacking faults in OIMHP materials. 

[285, 286] 

Moreover, the effect of NTs on the band structure and optical properties of perovskite 

compositions remains to be confirmed. The bandgap of organic-inorganic semiconductor 

materials is defined by the number of iodine anions shared between two neighbouring Pb ions 

and is enlarged by higher connectivity.[145] In OIMHP materials, nanotwins and stacking 

faults have been observed. Wright et al. have proposed that the δ-phase twin boundaries are one 

of the reasons for intrinsic quantum confinement.[249] However, until now there is no direct 

evidence to confirm the influence of NT and SF on the band structure in OIMHP materials. 

Further experimental and theoretical methods should be employed together to further confirm 

this problem. 

For multi-cation mixed-halide perovskite composition, there is no clear understanding 

on how all components form in the system, e.g. homogeneously alloyed or partial compositional 

and/or structural phase separation in the materials. Furthermore, the forbidden reflections 

become visible on various zone axes in the SAED patterns. The visibility of some forbidden 

reflections was attributed to four possible explanations, namely (a) superlattice reflections with 

a doubling of the unit cells along the a and b axes, (b) chemical ordering within the A-site 

cations and/or the halide site anions, (c) octahedral tilting and (d) twin formation. Further 

investigations are required to confirm the mechanism behind the forbidden reflections. 
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Most of the research efforts have concentrated on enhancing the efficiency and long-

term stability of PSC devices. Recently, the introduction of different additives into the 

perovskite precursor solution holds the record for the highest PCE and long-term stability.[57, 

244] However, the way that the additives are incorporated into the perovskite crystal structure, 

including twin domains, superlattice reflections or modulated structures, is still unclear, which 

is essential to understand the differences in the PSC device performance. For instance, several 

additives (MACl, CsCl, CsI, CsBr, FAHCOO, PACl) are added into the FAPbI3 perovskite 

precursor solution to stabilize the cubic phase.[15, 57, 244, 245, 267, 287] The research have 

demonstrated that MACl, CsCl, CsI, CsBr are incorporated into perovskite crystal 

structures.[244, 245, 267] However, the atomic structure of these perovskite compositions is 

still not properly investigated. Zhang et al. reported that n-propylammonium (PA) cation have 

a large ionic radius that cannot be incorporated into the perovskite lattice structure.[287] They 

currently do not have direct evidence that PA cation is formed at grain boundaries of the 

perovskite film. Cryo-TEM operated at 200 kV with a full plunge-freezing method may be 

highly suitable for obtaining the atomic structure of OIMHP materials.[181] 

The degradation process in OIMHP materials is one of the main challenges for bringing 

this technology to the market. However, this process has not been properly understood for many 

different perovskite compositions. Especially, the atomic structure and microstructure of 

OIMHP solar cell devices under operational conditions such as light illumination, heat, oxygen, 

moisture, and applied bias have not been fully elucidated. For this purpose, in-situ 

measurements can be used to understand the microstructure and atomic structure of solar cell 

devices under light illumination, bias, and temperature. Cross-sectional TEM lamellae can be 

prepared on a nanochip with a piece of sample sliced from full PSC devices by FIB. The 

contacts between the nanochip and mounted PSC device sample can be used to apply the 

temperature and bias to these devices in-situ in a suitable TEM holder. FIB is a powerful tool 

for TEM lamellae preparation with high precision, and often allows for detailed study of the 

different layers and interfaces found in the full PSC device structures. FIB sample preparation 

involves milling away the bulk structure on either side of a thin lamella, which is polished on 

both sides using low voltage gallium ions beam. This process is known to embed gallium ions 

in perovskite crystal structures and can be highly damaging to the crystal of the OIMHP 

materials.[12] So, an additional FIB technique needs to minimise the electron beam damage on 

the PSC sample. For in-situ TEM measurement, we also must employ low-dose techniques to 

reduce the electron beam damage. 
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