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Abstract 

Perovskite solar cells (PSCs) that are composed of two-dimensional/three-dimensional (2D/3D) 

perovskite in structure combine the durability of 2D perovskites with the efficient movement of charge 

carries in 3D perovskites. This innovative approach improves the performance of PSCs in the fast-

growing field of photovoltaic research. However, the transportation of charge carriers across the 

boundaries between 2D and 3D perovskite is impeded by the irregular distribution of the distinct 

fragments of 2D perovskite. This raises inquiries regarding the function of 2D perovskite in 2D/3D 

PSCs. Hence, this thesis intends to investigate the management of the 2D perovskite distribution and 

orientation and examine its influence on 3D grains. Additionally, electron microscopy will be used to 

provide feedback and verify the results obtained. 

This thesis initially explores the impact of halide ions on structural issues and optoelectronic 

characteristics of 2D/3D perovskite heterojunctions. By manipulating the halide ion composition, 

including the incorporation of chloride (Cl⁻) and bromide (Br⁻) ions, the goal we have is to improve 

the dispersion, durability, and efficiency of perovskite films. Our approach involves varying 

concentrations of formamidinium chloride (FACl) in PEAI solutions and substituting 

phenethylammonium iodine (PEAI) with phenethylammonium bromine (PEABr) to assess their effects 

on 2D perovskite layer formation. The results demonstrate that chloride addition leads to more uniform 

2D perovskite coverage and improved stability of the 2D/3D PSCs. However, while PEABr influences 

the ion exchange dynamics, achieving consistent layer thickness and orientation remains challenging. 

These findings highlight the critical role of halide ions in optimizing the microstructure and enhancing 

the optoelectronic performance of perovskite materials. This study provides valuable insights into the 

potential of tailored halide incorporation for advancing perovskite solar cell technologies, paving the 

way for the promotion of high-efficiency and durable PSCs. 
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The effectiveness of 2D surface passivation has been demonstrated in achieving cutting-edge 

perovskite optoelectronics, particularly in the field of solar cells, and the microstructural and phase 

heterogeneities of 2D perovskite passivators can strongly influence their effective roles. But synthesis 

of co-homogenized, stable microstructure and phase in such passivators remains a challenge because 

of uncontrolled surface reactions. Herein we leverage a [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM) molecular interlayer to optimize the interaction between a 2D passivator and 3D perovskite, 

leading to a uniform, purer-phase 2D perovskite capping layer. This PCBM interlayer further mitigates 

the detrimental grain-boundary etching encountered in conventional approaches, creating a molecular 

passivation directly onto the perovskite surface. The inverted PSCs made as such feature a laminate-

structured perovskite heterointerface at the electron-extracting side, which contributes to improved 

charge energetics and film stability, owing to regulated band alignment and laminate-layer protection, 

respectively. Power conversion efficiencies up to 26% are achieved, together with enhanced device 

stabilities under ISOS-standardized protocols, showing T90 lifetimes over 1,000 h in both the damp-

heat test (85 oC, 85% relative humidity) and maximum-power-point tracking under one-sun 

illumination. Lattice-resolved insights are provided to link the microstructure to device performance, 

shedding light on the significance of passivator-microstructure uniformity and reliability on the 

performance of perovskite optoelectronics. 
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Chapter 1 Introduction 

 

As civilization advances, the need for energy is also growing, and our reliance on energy can be 

witnessed in our apparel, food, lodging, and transportation. While enjoying the conveniences of 

modern life, the extraction, transportation and processing of traditional fossil energy sources have 

caused serious damage and pollution to the natural environment, triggering a series of environmental 

problems1-3. To address the increasing energy demand while ensuring environmental protection, a wide 

range of non-conventional and conventional renewable energy is necessary to be incorporated4,5. Solar 

energy is a secure, environmentally friendly, limitless, and highly significant form of renewable and 

sustainable energy6,7. The utilization of solar energy also helps to stabilize energy prices and brings 

many social, environmental and economic benefits8,9. Thus, the subject of how to utilize solar energy 

more efficiently has emerged as a pressing scientific issue in both industry and scientific study. At this 

point, solar cells have progressed from silicon solar cells to include many types of thin film solar cells, 

quantum dot cells, dye-sensitized solar cells, perovskite solar cells (PSCs), and other revolutionary 

solar cell technologies. Among these, PSCs have shown the most rapid development. In just a dozen 

years, their efficiency has become comparable to the highest efficiency of single crystalline silicon 

cells, which can demonstrate their significant potential10. 

 

1.1  Background 

 

Organic-inorganic halide perovskite (OIHP) materials have been utilized in photovoltaic cells, 

which have many advantages over other solar cell technologies. Under controlled laboratory 

circumstances, the power conversion efficiency (PCE) of PSCs has been demonstrated to exceed 26.7% 
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in less than twenty years. This level of efficiency is comparable to the highest PCE of conventional 

silicon solar cells. (Figure 1.1)10-12. Perovskite solar cells are an affordable option for batch production 

due to their use of inexpensive components along with simple manufacturing procedures like solution 

processing and printing technologies. Moreover, the versatility of these materials is another advantage, 

given that they can be produced on diverse substrates, such as flexible and transparent materials, 

enabling their integration into a broad spectrum of devices13-15. One notable feature of perovskite 

materials is their capacity to modify their electrical and optical characteristics by chemical composition 

adjustments. Moreover, it is worth noting that perovskite materials possess a substantial absorption 

coefficient, enabling them to effectively capture solar energy despite their significantly reduced 

thickness compared to silicon solar cells. 

Figure 1.1 Best Research-Cell Efficiencies10. 

 

The stability problem of OIHP materials and devices is a key issue limiting the further 

development and application of them. Under the premise of ensuring the PCE, how to improve the 

stability of PSCs in different environments has become a critical issue in recent years. When OIHP is 

exposed to elevated temperature and humidity, it suffers rapid decomposition due to the destruction of 

200 
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its lattice structure. In the case of methylammonium lead iodide (MAPbI3), the main reaction that 

occurs is the destruction and decomposition of MAPbI3 into methylammonium iodide (CH3NH3I) and 

lead iodide (PbI2)
16. This process renders the perovskite inactive, and PbI2 is non-conductive, which 

further diminishes the device’s performance. By altering the cation in the perovskite, the researchers, 

Park et al., were able to enhance the material’s thermal stability. They achieved this by substituting 

methylammonium CH3NH3
+ (MA+) iodide with formamidine HN=CH(NH3)

+ iodide in the creation of 

HN=CH(NH3)PbI3 (FAPbI3) devices. Their results showed that FAPbI3 exhibited superior thermal 

stability compared to MAPbI3
16. Through the replacement of methylammonium with the more stable 

formamidine and the incorporation of the inorganic cations Rb+ and Cs+, Saliba’s group successfully 

synthesized RbCsFAPbI3 perovskite. Subsequently, they fabricated devices without methylammonium 

(MA-free) and observed a significant enhancement in their stability17. Karunadasa et al. chose 

C6H5(CH2)2NH3
+ phenylethylamine (PEA+) as a substitute for CH3NH3

+ in order to produce 

(PEA)2(CH3NH3)2Pb3I10 perovskite as the absorbing layer18. They figured out that this particular kind 

of two-dimensional (2D) perovskite film exhibited improved stability in humid conditions. These kinds 

of larger organic cations were further applied to the preparation of OIHP, and the researchers also 

prepared two-dimensional/three-dimensional (2D/3D) PSCs whose excellent stability was further 

verified19-22.  

In order to attain precise manipulation of the distribution of 2D perovskites and understand its 

interaction with 3D perovskites, an extensive comprehension of the heterojunction structure formed 

by 2D/3D perovskites is essential. Conventional diffraction-based structure analysis has challenges in 

precisely identifying interface defects because of their localized and non-repetitive characteristics. On 

the other hand, transmission electron microscopy (TEM) can provide high-resolution real-space 

images of perovskite crystal structure. However, the use of high-energy electron beams for imaging 

can easily alter the unstable structure of perovskites and result in their decomposition. Recent promising 

developments in low-dose high-resolution scanning transmission electron microscope (HR-STEM) 
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characterization are significant in their capability to identify structures of perovskite materials or 

nanomaterial samples without the requirement of special cryogenic conditions or detectors19,20,23,24. 

 

1.2  Objectives of Research 

 

This thesis aims to explore the utilization of low-dose STEM to analyze and understand the structure 

and functions of 2D/3D PSCs. It is important to carefully consider the process of preparing samples using 

a focused ion beam (FIB) to acquire a suitable thickness for STEM observation. Additionally, efforts 

should be made to minimize any potential damage to the sample caused by the electron beam. The 

optimal level of electron radiation can be determined by regulating the beam current and exposure 

duration while observing the condition of the sample. 

Another goal of this thesis is to investigate the formation and distribution of 2D perovskite layers on 

3D perovskite grains with halide ions Br-, I- and Cl- participation, based on organic spacer cation solutions 

containing PEA+ via a spin-coating method. The formation of 2D perovskite layers was initially observed 

by applying a phenethylammonium iodide (PEAI) solution onto 3D perovskite Cs0.1FA0.9PbI3 surface. 

Subsequently, formamidinium chloride (FACl) was introduced into the PEAI solution to find out its 

impact on the production and dispersion of 2D perovskite. Then, PEAI was substituted with PEABr for 

the purpose of treating Cs0.1FA0.9PbI3. The variations in the structure of the 2D/3D heterojunctions were 

analyzed afterward. In addition, the composition of 3D perovskite was adjusted to produce films of 

Cs0.1FA0.9PbBr3. The films were subsequently subjected to treatment with a PEAI solution to investigate 

the existence of 2D perovskite layer on 3D grains. 

In addition, this thesis is intended to construct a stable 2D/3D heterojunction with improved 

efficiency by utilizing a comprehensive understanding of the structure of 2D/3D perovskites. In this 

thesis, a layered perovskite heterojunction is prepared by employing [6,6]-phenyl-C61-butyric acid 

methyl ester (PCBM) molecules as an intermediary layer. Distinguishing the structure of conventional 
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2D/3D perovskite, the PCBM layer mediated surface reaction, leading to a uniform, purer phase 2D 

perovskite capping over the entire 3D perovskite absorber surface. In addition, this method also prevents 

the detrimental grain-boundary etching encountered in conventional approaches. Compared with the 

2D/3D heterojunctions formed by directly spin-coating 2D organic salt solutions, PSCs with this 

structure demonstrate higher PCE, and their exceptional stability is further verified. 

Finally, based on the above experimental results, this thesis will analyze the process of fabricating 

2D/3D perovskite heterojunctions through the spin-coating method. It will also outline the characteristics 

and factors that need to be considered when manufacturing these heterojunctions. Additionally, this thesis 

will include practical recommendations for boosting the performance as well as the durability of 2D/3D 

PSCs. 

 

1.3  Dissertation Scope and Organization 

 

This thesis focuses on evaluating the effectiveness of the formation of 2D/3D perovskite 

heterojunctions through electron microscopy. Low-dose STEM is used to analyze the distribution and 

effect of 2D perovskite layer on 3D perovskite grains, which can provide valuable suggestions for 

improving both the efficiency and lifespan of PSCs. The thesis is structured into six chapters, which are 

outlined below: 

Chapter 1: This chapter gives background information and describes the purpose of related study 

in this thesis. The dissertation scope and arrangement of this thesis are also laid out. 

Chapter 2: This chapter provides a comprehensive introduction to the fundamental aspects of 

2D/3D PSCs. This chapter will cover major issues and concepts pertaining to the thesis, including the 

structure of OIHPs and PSCs. This chapter will also discuss the causes of the inadequate stability of PSCs 

and propose methods to enhance their stability. Finally, the key subject of this thesis, 2D/3D perovskite 

heterojunctions and interface characterization methods for them will be addressed in detail. 
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Chapter 3: This chapter highlights significant characterization methods utilized in the thesis, 

including FIB and aberration-corrected TEM. It also covers the characterization of perovskite films and 

measurement of device performance. 

Chapter 4: This chapter involved analyzing the impact of the halide ion on the arrangement of 2D 

perovskite within 2D/3D perovskite heterojunctions. This study focused on examining the dispersion of 

2D perovskite and its impact on 3D perovskite through modifying the constituents of 2D organic spacer 

solutions and 3D perovskite, while incorporating various halide ions. 

Chapter 5: This chapter aimed at the construction of a lattice-resolved laminate-structured 

perovskite heterointerface. This chapter will introduce the process for developing a novel 2D/3D 

perovskite heterojunction by utilizing the PCBM interlayer. Then, an analysis is conducted on the 

dispersion and impact of 2D perovskite with a unique structure on a 3D grain. We conducted more 

research on the optical properties and durability of 3D-2D perovskite films, the performance and 

durability of 3D-2D PSCs. 

Chapter 6: The conclusions based on the above experiments will be concisely summarized in this 

chapter. Additionally, suggestions will be provided on how to design a stronger and more efficient 

heterojunction of 2D/3D perovskite.  
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Chapter 2 Overview of 2D/3D PSCs and Characterization 

Methods for Heterojunctions 

2.1  Introduction     

 

OIHP materials offer enormous opportunities for constructing efficient, low-cost optoelectronic 

devices12,25-27. The unique photovoltaic properties of PSCs, such as the ability to adjust the bandgap, low 

exciton binding energy, long carrier diffusion length, and efficient carrier transport, contribute to their 

exceptional PCE, which has reached a historic high in recent years12,25,28-30. Despite the excellent 

performance of PSCs, the main concern has always been how to enhance their efficiency and stability. 

Researchers have made attempts to broaden and enhance the materials used in the electron transport layer 

(ETL)31-34 and hole transport layer (HTL)35-38. In addition, they participate in the process of controlling 

the constituents of the perovskite active layer39-42 and studying the interface engineering on PSCs43-46. 

Among these methods, the technique of constructing 2D/3D perovskite heterojunctions in PSCs has been 

extensively validated as a very efficient approach47-54. Because 2D/3D PSCs can merge the durability of 

2D perovskites with the superior ability of 3D perovskites to transport charges.  

This chapter will provide an introduction to the structure and properties of OIHPs, as well as PSCs. 

Discussions will also focus on the factors that influence the stability of PSCs, and potential methods to 

enhance their stability will be proposed. Some topics relevant to 2D/3D heterojunction will be further 

explored, such as the structure of different types of 2D perovskites and functions for appropriate 2D 

perovskites in PSCs, and some important interface characterization methods of heterojunction.     

                                                         

2.2  Organic-inorganic Halide Perovskite Materials 
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 During a scientific expedition to Russia in 1839, German scientist Gustav Rose made the discovery 

of CaTiO3 in the Ural Mountains. In recognition of the Russian geologist with the same name, Rose 

termed this compound "perovskite". Nowadays, compounds having the general formula ABX3 structure 

are referred to as perovskites. A and B represent metallic elements, whereas X represents a non-metallic 

element. The chemical ratio between them is 1 part to 1 part to 3 parts. Perovskite oxides typically consist 

of divalent cations (Mg2+, Ca2+, Sr2+, Ba2+, Pb2+) and tetravalent cations (Ti4+, Si4+, Fe4+), together with 

oxygen anions. Perovskites utilized in solar cells often exhibit cubic or octahedral structures. The cation 

A, which is normally a larger organic cation that occupies the unit cell angle and has a coordination 

number of 12. In OIHP materials, as Figure 2.1 shows, the typical ones are methylammonium (CH3NH3
+, 

MA+, the radius is RA = 0.18 nm), formamidine (NH2CH=NH2
+, FA+, RA = 0.19-0.22 nm), and 

ethylammonium (CH3CH2NH3
+, EA+, RA = 0.23 nm); B represents a diminutive metal cation situated 

within the body-centered position with a coordination number of 6, such as lead (Pb2+, RB = 0.119 nm), 

tin (Sn2+, RB = 0.110 nm), respectively. X is a halide anion, including iodine (I-, RX = 0.220 nm), bromine 

(Br-, RX = 0.196 nm), and chlorine (Cl-, RX = 0.181 nm)55. The most important property of the perovskite 

structure is its ability to accommodate stable coexistence of ions with significant variances in radius 

within the same structure. The variety of arrangements also allows for an assortment of functional 

possibilities. 

OIHPs have outstanding semiconducting properties and can absorb light across a wide spectrum 

of solar radiation. As a result, they have high efficiency in converting solar power into energy for 

electricity. OIHPs demonstrate a variety of positive traits that make them well-suited for use in 

photovoltaic (PV) technology. These properties include elevated charge carrier mobilities, extended 

carrier lifetimes, and reduced trap densities. Moreover, these materials have exhibited promising 

capabilities for implementation in diverse applications, including but not limited to light-emitting 

diodes (LEDs), photodetectors, and X-ray detectors56-58.  
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Figure 2.1 Crystal structure of OIHP materials. 

 

2.3  Perovskite Solar Cells       

 

The PSCs can be basically classified into two types of structures: the n-i-p structure and the p-i-n 

structure59. The n-i-p structure may be further classified into meso-porous and conventional planar 

structures based on the utilization of meso-porous metal oxides as ETL, as seen in Figure 2.2a(i) and 

(ii). Another structure is the p-i-n structure, depicted in Figure 2.2 a(iii). The main distinction between 

the n-i-p and p-i-n structures is in the orientation of their current flow.  

Substrates, transparent conductive electrodes (TCEs), electron transport layers (ETLs), 

photoactive layers (PLTs), hole transport layers (HTLs), and metal electrodes make up PSCs.  

The initial part is the substrate, which serves as a foundation for the subsequent layers. Typically, 

the substrate is transparent and can be either stiff or flexible, depending on the specific needs of the 

device. Glass often serves as a rigid substrate because it is inexpensive and can resist high heat. 

However, to accomplish the mass production of solar cells, the necessity should be met without delay 

for cost reduction in manufacturing and the development of appropriate procedures. The prevalent 

"roll-to-roll" processing technique necessitates a flexible and sufficiently thin substrate, thereby 
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limiting the use of glass in large-scale industrial manufacture60,61. Organic polymers, such as 

polyethylnaphthoate (PEN) and polyethylene terephthalate (PET), are favorable substitutes for glass 

substrates due to their affordability, transparency, and widespread usage. Currently, PSCs may achieve 

an efficiency of 25.05% when applied to flexible substrates62,63. 

Indium tin oxide (ITO) or fluorine-doped tin oxide (FTO) is frequently employed as a transparent 

conductive electrode (TCE) on a transparent substrate. Typical requirements for this electrode are low 

surface square resistance, high light transmittance, large area coverage, lightweight, ease of processing, 

and impact resistance. 

The ETL works by extracting and transmitting photogenerated electrons that are produced in 

perovskite materials. The typical electron transport layer consists of a compact inorganic metal oxide 

layer, such as titanium dioxide (TiO2), zinc oxide (ZnO), tin dioxide (SnO2) and others. Examples of 

organic polymer compounds are PCBM and fullerene (C60). Furthermore, in the case of meso-porous 

PSCs, the ETL is composed of mesoporous metal oxides, specifically meso-porous titanium dioxide 

(mp-TiO2) and meso-porous aluminum oxide (mp-Al2O3). Meso-porous materials function as support, 

while the top layer of perovskite nanocrystals fills the pores and forms a linked layer that absorbs light. 

The layer of absorber typically consists of metal halide perovskite materials, such as MAPbI3 and 

FAPbI3, as well as mixed metal halide perovskite compounds, like FA1−xMAxPb(I1−yBry)3, or inorganic 

perovskite, for example CsPbI3. Perovskite can also be divided into three types based on its structure: 

3D perovskite, 2D perovskite, and quasi-2D perovskite. 

The HTL can be classified into two types: inorganic HTL and organic HTL. The inorganic HTL 

includes materials such as nickel oxide (NiO), copper cyanide (CuSCN), copper iodide (CuI), and 

others. The organic hole transport layer includes polytriarylamine (PTAA), poly(3-hexylthiophene) 
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(P3HT), 2,2′,7,7′-tetrakis(N,N-di-p-ethoxyphenylamine)-9,9′-spirobifluorene (spiro-OMeTAD), 

poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS), and other materials. 

The metal electrodes used in PSCs are silver (Ag), gold (Au), aluminum (Al), and copper (Cu). 

The most common electrode materials are the precious metals Au and Ag. The availability of Au 

reserves is constrained and high-cost. Besides, the Ag electrode is susceptible to corrosion by the 

perovskite decomposition product hydroiodic acid (HI), which adversely impacts the PSC’s stability. 

As a result, developing a more suitable electrode is an important task that needs to be considered in the 

future. 

The operation of PSCs can be separated into the subsequent steps: Initially, as the sunlight enters, 

the perovskite material is photoexcited, creating holes in the valence band (VB) and causing electrons 

to transition to the conduction band (CB). To reach the cathode, electrons go from the perovskite’s 

conduction band (CBM) to the ETL’s lowest unoccupied molecular level (LUMO) in organic materials 

or the inorganic materials’ CBM. A hole travels from the perovskite’s valence band maximum (VBM) 

to the anode via organic materials’ highest occupied molecular level (HOMO) or inorganic materials’ 

VBM of the HTL. Finally, as revealed in Figure 2.2b59, a full circuit is formed when electrons and 

holes are united in the external circuit, resulting in the production of an electric current.  
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Figure 2.2 The structures of PSCs. (a), i) Meso-porous structure ii) conventional planar structure iii) 

Inverted planar. (b), Interfaces in a planar-structured PSC shown schematically59. 

 

Perovskites possess distinct characteristics and have experienced significant progress in enhancing 

solar cell performance. As a result, they have been successfully incorporated into various practical 

applications such as tandem solar cells, building-integrated photovoltaics, space applications, 

photovoltaic-driven catalysis, integration with batteries and supercapacitors for energy storage 

systems64,65. Notwithstanding the benefits, perovskite solar cells encounter certain obstacles that 

necessitate resolution, including concerns regarding stability and operation longevity. Despite any 

limitations, the potential advantages of PSCs render them a highly promising technology for achieving 

a sustainable future. 
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Figure 2.3 Advanced applications for integrated PSCs65. 

 

2.4  Stability of Perovskite Solar Cells  

 

Instability can occur in PSCs for several reasons66,67. Figure 2.4 demonstrates that the chemical 

instability of perovskite materials is a significant factor that negatively impacts their long-term 

stability67. Moreover, the inherent defects in the perovskite lattice, such as vacancies, interstitials, and 

anti-sites, can lead to non-radiative recombination, charge trapping, and degradation of the material’s 

optoelectronic properties. Undesirable byproducts such as lead hydroxide and lead oxide could appear 

because of the high sensitivity of PSCs to oxygen and moisture. These products may lead to the 

degradation of the device. In addition, the perovskite material is sensitive to ion migration when 

subjected to external stimuli such as temperature, humidity, and electric fields because of the weak 
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ionic connection between the inorganic and organic parts. This instability severely impedes the 

development of PSCs. Besides, PSCs have the potential to degenerate because of mechanical stress, 

leading to the formation of cracks and separation of layers. This phenomenon occurs due to a disparity 

between the coefficients of thermal expansion between the device’s perovskite layer and its other parts. 

It is important to point out that PSCs are highly responsive to these factors, emphasizing the 

significance of effective encapsulation strategies and enhanced material design. Strengthening the 

stability of PSCs for longer operations is crucial to maximize their potential benefits and ensure their 

extended durability. 

 

 

Figure 2.4. Environmental and operational variables are used to illustrate the intrinsic and extrinsic 

stability of PSCs67. 
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Table 2.1 exhibits that the development of low-dimensional Ruddlesden-Popper (RP) perovskites 

provides an additional approach to stabilize 3D perovskites67-70. For example, 2D perovskites 

containing sizable aliphatic or aromatic alkylammonium cations such as PEA+ and n-butylammonium 

(n-BA+) have been synthesized as space cations between inorganic Pb-I octahedrons71-74. Because of 

the hydrophobic properties of organic space cations, they effectively exclude moisture from entering 

perovskites. Additionally, these cations create strong van der Waals forces with surrounding layers, 

resulting in enhanced stability of 2D RP perovskites. Because of their high exciton binding energy, 

PSCs that use low-dimensional RP perovskites operate inadequately50,75-79. For devices to attain 

optimal performance and excellent stability, researchers have synthesized and studied various 2D/3D 

perovskites. 

 

Table 2.1. Summary of several causes of PSC deterioration and related strategies for enhancing 

device stability 67. 

 

 

2.5  2D/3D Perovskite Heterojunctions   
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2.5.1  2D Perovskite 

 

In 2D OIHPs, the inorganic perovskite layers have been separated by organic cations to form the 

low-dimensional RP perovskite structure, as shown in Figure 2.5. A typical RP 2D perovskite has the 

formula (A’)2(A)n-1MnX3n+1, where A’ for a small organic cation, A stands for a larger one, M for a 

metal cation, X for a halide anion, and n for the quantity of inorganic perovskite layers. The 

collaboration between the metal cation (M) and the halide anions (X) leads to the formation of 

inorganic layers. These layers are stabilized by the presence of organic cations (A and A’) located 

between them. Unlike 3D perovskites, the layers in this case are connected by relatively weak van der 

Waals forces, which enable them to be flexed and stacked mechanically80,81. 2D perovskites are 

categorized according to the amount of coordinated amino tails in the spacer cations. This classification 

includes the RP phase, the Dion−Jacobson (DJ) phase, and the alternating cations in the interlayer 

space (ACI) phase, as depicted in Figure 2.6. 

 

 

 

Figure 2.5 Illustration of the low-dimensional RP 2D perovskite structure. 
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Figure 2.6 The RP-, DJ-, and ACI-phase 2D perovskites structures. 

 

  Compared to 3D perovskites, 2D perovskites exhibit inherent multi-quantum well architecture, 

resulting in distinct optical and electrical characteristics. The high fluorescence efficiency of the 2D 

perovskite is owing to the strong quantum limiting effect caused by the sandwiching of the single-layer 

lead halogen octahedral layer between the insulating organic layer. Furthermore, this natural 2D 

layered structure exhibits the properties of spontaneous anisotropic development, thus facilitating the 

production of a range of 2D crystals with extremely thin atomic sizes82. The exceptional optical 

characteristics and extremely thin nature of 2D perovskites offer significant possibilities for a variety 

of uses in transverse and vertical heterostructure optoelectronic devices. 

2.5.2 2D Perovskite in 2D/3D Perovskite Heterojunctions 
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 Building a 2D/3D perovskite heterojunction offers several benefits in improving the stability and 

efficiency of PSCs. As depicted in Figure 2.7, the 2D layer can act as a layer that prevents corrosion, 

safeguarding the underlying 3D perovskites from moisture and other environmental influences. In 

addition, the performance of the device can be improved by reaching a higher level of charge transfer 

efficiency through the 2D layer, which has the ability to reduce surface defects. Thus, the 2D/3D 

interface enhances charge separation and extraction, leading to a more efficient power conversion. 

Furthermore, the bandgaps of 2D/3D perovskite heterojunctions can be adjusted, which assists in 

developing highly efficient tandem solar cells. 

 

 

Figure 2.7 Schematic of 2D perovskite passivation effect in 2D/3D heterojunctions. 

 

 The corner-sharing PbI6 octahedra in 2D perovskites provide them optoelectronic characteristics 

similar to those of 3D halide perovskites83,84. Like 3D halide perovskites, 2D perovskites exhibit the 
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same atomic orbital character in their VBM and CBM. The organic spacer layers prevent out-of-plane 

electron migration in 2D halide perovskites, therefore increasing their bandgap significantly under 

quantum confinement. The organic spacer’s type and length (e.g., aliphatic versus aromatic molecules), 

the composition of the metal halides, as well as the perovskite layer thickness clearly determine the 

2D perovskite optical bandgap and exciton properties. To be more specific, 2D perovskites have an 

advantage over multi quantum wells (MQW) systems and other 2D semiconductors in terms of 

applications since the exciton binding energy and decreased mass may be continually adjusted between 

3D perovskites (Eb ≈ 0.01 eV, mX ≈0.1 m0) and n = 1 2D perovskites (Eb ≈ 0.5 eV, mX ≈0.1-0.2 m0) by 

simple material design85-88.  

Sidhik et al. have shown a diagram of energy-level (Figure 2.8a) for the RP type 2D perovskite. 

Based on the values anticipated from first-principles calculations and confirmed by photoemission 

yield spectroscopy (PES) and absorption measurements, the 3D perovskite Cs0.05(MA0.10FA0.85) 

Pb(I0.90Br0.10)3 is used in the BA2MAn-1PbnI3n+1 structure, where n ranges from 1 to 422,89. The 3D and 

n = 3 2D perovskites were found to be aligned in a type II band. In this alignment, the valence band 

boundaries of the 3D and 2D perovskite are nearly perfectly aligned, which is great for hole extraction 

but creates a high energy barrier for electrons. The type I alignment of the 3D/PP-2D perovskite bilayer 

stack was further validated by the fabrication of solar cells with a charge extraction barrier employing 

thicker 2D layers. The PCE of PSCs in an n-i-p structure initially rose with increasing 2D perovskite 

layers but dropped after the thickness exceeded 50 nm, as shown in Figure 2.8b. They reasoned that 

the 3D–2D charge carrier transport was hindered by the diffusion length for a 2D n = 3 RP perovskite 

sheet with mixed orientation, which is less than 100 nm, and led to a drop in PCE90,91. In contrast, the 

p-i-n devices showed a 2D perovskite thickness of 5 nm, leading to an increase in PCE. Previous 
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research on 2D/3D interfaces utilizing ultrathin 2D layer passivation has shown a substantial decrease 

with increasing 2D perovskite thickness, which is consistent with this finding92. The above energy 

band diagram demonstrated a significant difficulty in collecting electrons in the p-i-n type, which was 

compatible with the reduction in PCE. Moreover, the bandgap of 2D perovskite layers can be tuned 

via adjustment of the annealing temperature and treatment techniques, besides changing the organic 

spacer. Azmi et al. applied oleylammonium iodide (OLAI) molecules to address the defects of 3D 

perovskites in the surface, resulting in the formation of 2D perovskite (RP-phase) layers20. Afterward, 

they figured out that 2D perovskite layers with n = 1 were most likely created by annealing with heat 

(2D-TA), while 2D perovskite structure with increased dimensionality (n ≥  2) were more 

prominently formed following a room-temperature post-treatment (2D-RT), due to a reduced formation 

energy of the higher-n layers93 . A rise in the secondary electron cutoff (Ecutoff), and a fall in the Fermi 

level (EF) of perovskite films treated with OLAI resulted in a 3D to 2D perovskite phase transition, as 

shown in the energy-level diagrams in Figure 2.8c. Their 2D perovskite passivation approach was 

successful since the energetic gap between EF and VBM was greater in the 2D-RT sample, indicating 

that the 3D perovskite films treated afterward are more n-type. Because the 2D-RT films’ CBM is 

closer to the CBM of C60 at the n-type contact, the charge transfer efficiency at the 2D/3D perovskite 

interface and the C60 electron transport layer would be increased. On the other hand, the electron-

selective contact at the interface of 2D/3D perovskite was less efficient according to the 2D-TA films’ 

substantially larger CBM compared to C60’s lower n-type character. To improve the performance of 

PSCs through passivation and improved electron blocking, a heterostructure can be formed by spin 

coating reduced-dimensional perovskites (RDPs) or 2D ligands onto 3D perovskite surfaces94-97. 

Overlying a bulk 3D perovskite, this heterostructure will have a thin layer of n = 1 and/or n = 2 2D 
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perovskite. However, it has been found by Chen et al. that 2D perovskite layers with n ≥ 3 RDP 

layers could be formed by adding a tiny quantity of dimethylformamide (DMF) (DMF: isopropanol 

(IPA) = 1:200 by volume) and a proportion of methylammonium iodide to the 2D ligands in solution 

of 1:2 by weight. In this case, Pb is introduced directly from the 3D perovskite surface by DMF, and 

MAI is needed to lower the 2D ligand to cation ratio at the A-site21,98. Reducing confinement in the 2D 

layer could lead to less electron blocking and exceptionally performing inverted PSCs, according to 

their speculation, as illustrated in Figure 2.8d-e. Figure 2.8f-h displays the band alignment of 2D/3D 

heterostructures, which reveals that the CBM values of 2D-treated surfaces are higher than the controls. 

In contrast, the 2D/3D CBM offset is significantly reduced for the quasi-2D treatment films compared 

to their n = 1 (and/or 2) analogues. Changing the RDP width has minimal influence on the VBM, and 

decreasing confinement only moves the conduction band deeper, nearer to the 3D perovskite, 

according to surface-sensitive ultraviolet photoelectron spectroscopy (UPS) tests conducted on control, 

2D, and quasi-2D-treated films21,97,99. 

 



22 

THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 2  

  

 

 

Figure 2.8 (a), The alignment of the energy levels. The 3D perovskite layer with BA2MAn-1PbnI3n+1 

for various n values (n ≤ 4). (b), Effect of 2D perovskite layer thickness on PCE variation in n-i-p 

and p-i-n planar 3D/PP-2D PSCs22. (c), Energy level scheme for films treated with OLAI and without20. 

Schematic of the conventional 2D treatment (d) with n ≤ 2 RDPs and the quasi-2D treatment (e) with 

n ≥  2 RDPs. (f), A typical cross-section 2D/3D heterostructure in the p-i-n configuration. Band 

alignment of PSCs after 2D or quasi-2D therapy (g, h)100.  
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When the interface passivation layers are not adjusted carefully, the charge extraction across the 

perovskite/charge transport layer interface can be compromised due to the weak conductivity of the 

organic spacers employed to generate 2D perovskites101,102. In addition, the charge transfer efficiency 

can be even worse in mixed-dimensional PSCs with unaltered or negative energy band alignment76,103. 

On the other hand, there are still some explanations for why carrier transport can be improved. Gong 

et al. found that the modified perovskite films with long chain organic spacers exhibited enhanced 

carrier transport, better crystallization, and more effective defect passivation, resulting in a longer 

average carrier lifetime as compared to the control sample104. According to their research, it is expected 

that the primary causes of increased hole extraction are the better alignment of energy bands, reduced 

density of traps, and higher mobility of carriers. Furthermore, the improved charge extraction in these 

studies can be explained by the 2D perovskite’s vertical crystal orientation, which takes advantage of 

the good conductivity along the inorganic planes, in contrast to other studies that demonstrate 2D 

perovskite layers reducing charge extraction owing to their poor conductivity105. Additionally, charge 

transfer at the perovskite/HTL interface can be improved by the advantageous orientation of the HTL 

film106. 

The (DFP)2PbI4 single crystal was synthesized by Song et al. through the use of the 4,4-

difluoropiperidine (DFP) spacer as its fundamental component107. After that, they produced the target-

1 films by incorporating the (DFP)2PbI4 single crystal into the FA0.95MA0.05PbI3 precursor as seeds. As 

for target-2, they coated the target-1 film surface with an acetonitrile solution of the (DFP)2PbI4 single 

crystal to passivate defects in the surface and adjust energy level alignment. The J-V curves of n-i-p 

type PSCs are displayed in Figure 2.9a. With an open-circuit voltage (VOC) of 1.129 V, a short-circuit 

current density (JSC) of 24.88 mA cm−2, and a fill factor (FF) of 79.84%, the control device exhibits a 
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low PCE of 22.43%. Improved film quality and decreased non-radiative recombination loss led to a 

23.16% improvement in the PCE of the target-1 devices. After adjusting the annealing time to 5 

minutes for perovskite films covered with a passivation layer, target-2 devices were able to obtain a 

PCE of 24.87% with a significantly enhanced VOC of 1.185 V. Figure 2.9c shows the results of the 

capacitance-voltage (C-V) characterization according to the Mott-Schottky relationship, which further 

confirmed the better VOC of the target-1 and target-2 devices in contrast to the control device (Figure 

2.9b)108. Corresponding to the rising trend of VOC in the J-V curves, the built-in potential (Vbi) for 

control, target-1, and target-2 devices are 1.06 V, 1.10 V, and 1.14 V, respectively. Target-2 devices 

have a higher VOC due to the increased driving force for more effective charge transfer and capture, as 

evidenced by the elevated Vbi. The results from the J-V analysis are in good agreement with the 

integrated current densities derived from the external quantum efficiency (EQE) in Figure 2.9d, which 

are 24.36 mA cm−2 for the control, 24.61 mA cm−2 for target-1, and 24.95 mA cm−2 for target-2 devices. 

The results from the J−V analysis are in good agreement with the integrated current densities derived 

from the external quantum efficiency (EQE) in Figure 2.9d, which are 24.36 mA cm−2 for the control, 

24.61 mA cm−2 for target-1, and 24.95 mA cm−2 for target-2 devices. Figure 2.9e shows the devices’ 

VOC as a function of light intensity using seminatural logarithmic curves with slopes calculated by 

linearly fitting the data. The trap-induced recombination is reflected by the slope of the function kT/q, 

where k is Boltzmann’s constant, T is the absolute temperature, and q is the elementary charge. 

Compared to the control device’s slope of 2.41 kT/q, the perovskites for targets 1 and 2 have lower 

slopes of 1.95 and 1.05 kT/q, respectively. According to the space-charge-limited current (SCLC) 

technique, the lowered trap density results in a significantly smaller slope for target-2 devices, which 

in turn suppresses charge carrier recombination109-111. The results of their mobility (μ) and trap density 
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(Nt) experiments show that the combined effects of seed-induced growth and surface gradient 

passivation successfully decrease bulk and surface defects, leading to an increase in the VOC of the 

related devices112. To understand how the 2D (DFP)2PbI4 perovskite affected the carrier lifetime of the 

associated perovskite films, the steady-state photoluminescence (PL) spectra and time resolved PL 

decay curves have been used. Because the (DFP)2PbI4 seeds produce a higher quality 3D perovskite 

film, the researchers found that the target-1 film exhibited a greater PL intensity. Surface gradient 

passivation significantly inhibits nonradiative recombination, as evidenced by the further enhancement 

of the target-2 film’s PL intensity. The target-1 film exhibits a substantially extended bulk carrier 

lifetime of 4.26 μs, as shown in the time-resolved PL (TRPL) spectra presented in Figure 2.9f. This 

indicates that there were considerably fewer bulk defects in the target-1 film with the 2D (DFP)2PbI4 

seed, as it is approximately eight times larger than the control film’s 0.56 μs113. Additionally, the 2D 

perovskite (DFP)2PbI4 treatment increased the carrier lifetime of the target-2 film to 5.91 μs, 

demonstrating that vertically distributed 2D passivation layers can reduce surface defects and thereby 

interfacial nonradiative recombination. Figure 2.9g-i shows that the target-1 and target-2 films had 

extended PL lifetimes in the 775–825 nm light-emitting range compared to control samples, which 

corresponds with the previous examination results. 
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Figure 2.9 (a), J-V curves of the control, target-1, and target-2 champion cells. (b), PCE and VOC of 

the corresponding devices. (c), The corresponding devices’ Mott-Schottky plots. (d), EQE spectra and 

integrated JSC of the corresponding devices. (e), VOC versus light intensity for the corresponding 

devices. (f), TRPL spectra of the control, target-1, and target-2 films. (g−i) Time-resolved emission 

spectra (TRES) of the control (g), target-1 (h), and target-2 (i) films107.  

 

 Degradation caused by moisture is a major issue for 3D perovskite films, as it can lead to a loss of 

structural integrity and decreased performance over time. Mixed 2D/3D PSCs have been shown to 

have improved moisture stability, which is thought to be caused by the hydrophobic feature of long-

chain spacer cations in 2D perovskite114. It is demonstrated that the 2D surface layer may function as 
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a moisture barrier since the surface free energy of a 3D perovskite surface treated with 2D perovskite 

is substantially lower than that of the pure 3D perovskite film115. In addition, the 2D perovskite can 

serve as an encapsulating layer and prevent moisture intrusion into the 3D perovskite by employing 

surface passivation with hydrophobic chemicals such as alkylammonium compounds116. 

 The existence of volatile small organic ions like MA+, which induce perovskite decomposition at 

high temperatures, has been identified as a possible reason for the structural instability of 3D 

perovskite117. Though increasing the perovskite tolerance factor by substituting FA+ or Cs+ cations for 

MA+ ions might improve the structural stability of perovskite films, MA+ ions are still preferred for 

device performance in most high efficiency PSCs118. The structural resilience of 3D perovskite films 

may be enhanced by extra molecular bonding when 2D perovskite is included, which can lead to better 

thermal and operational stability of PSCs, especially in the case of MA-based films. The formation 

energy of 2D perovskite is significantly greater than that of 3D perovskite because of the difficult 

breakdown of the layered structure caused by strong intermolecular interactions, such as hydrogen 

bonds and van der Waals forces, between the large organic cations119.  

 Despite their high PCE, organic-inorganic perovskites are often considered unstable because of 

their vulnerable lattice structure, weak chemical interactions, and low defect formation energy. The 

ABX3 perovskites have a low activation barrier and a high diffusion coefficient for the A-site ions 

(MA+ and FA+), B-site ions (Pb2+ and Sn2+), and X-site ions (I−, Br−, Cl−, and other halogen ions)120,121. 

Extrinsic factors have the potential to cause ionic defects inside the perovskite films, leading to 

substantial ion migration122. Ion migration prompted by electric fields was considered to have the 

greatest impact on photocurrent hysteresis. In addition, the intrinsic electric field of the perovskite 

films can be impacted by ion migration and accumulation, which in turn may change the localized 
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crystal structure and produce stability and degradation problems with PSCs123. By incorporating robust 

2D perovskite layers at either the top or bottom interface, PSCs made of bilayer 2D-3D perovskite 

heterostructures are able to protect the 3D perovskite films from oxygen and moisture while also 

reducing the infamous ion migration124. This results in improved photo- or thermal robustness of the 

3D perovskite crystals under operating conditions, leading to significantly longer device lifespans 

compared to bare 3D devices. 

By solid-state transfer of a spacer cation layer onto the 3D perovskites, Zhu et. al. design a transfer-

imprinting-assisted growth (TIAG) technique to construct the 2D/3D perovskite heterojunctions in-

situ, as seen in Figure 2.10b125. They built the 2D/3D perovskites using the organic salt of 

benzenebutanammonium iodide (PhBAI) as the spacer molecule. To further compare, the 2D/3D 

perovskites are also grown using the traditional solution approach, spin-coating-assisted growth 

(SCAG). As shown in Figure 2.10a, the organic salt solution is spin coated onto the 3D perovskite 

layer directly. A nonuniform two-dimensional film is formed when solution and cation diffusion into 

perovskite films, which are inherently rough and uneven, damage the 3D perovskite grains. Avoiding 

solution and cation diffusion into the perovskite film is achieved in the solution-free TIAG method by 

coating the poly-di-methyl-siloxane (PDMS) substrate with the solid-state organic salt film and then 

overlapping it on top of the 3D perovskite. A uniform 2D perovskite layer can be created on the surface 

once the organic salt and perovskites come into close contact through the chemical reaction and 

pressure induced by the TIAG process. Through the use of time-of-flight secondary ion mass 

spectrometry (TOF-SIMS), the spatial distribution of PhBA+ in the perovskite film can be identified. 

As demonstrated in Figure 2.10c, the SCAG perovskites show a deep penetration of PhBA+ into the 

perovskite absorber, indicating that the organic salts and solvent have diffused into the grain boundaries 
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and holes. An obvious junction may be grown in 2D/3D perovskites because the solid-state-transferred 

PhBA+ is uniformly distributed and tightly bound to the surface of the TIAG perovskites (Figure 2.10d). 

In addition, the TIAG PSCs exhibit extremely little hysteresis, which may be because the uniform 2D 

perovskites grown over the 3D perovskites reduce ion migration and enhance charge carrier 

transportation.  

The group led by Wu was able to achieve a fine-tuned 2D/3D heterostructure with a gradient 

distribution of perovskite compositions along the vertical bottom-to-top direction of the perovskite 

film, ranging from 1 to n = ∞, by carefully modifying the perovskite ink formulation with a small 

amount of 2D PEA2PbCl4 component and PEACl additive126. After fabricating the control and target 

films on flexible ITO/PET (ITO films on polyethylene terephthalate) substrates, they treated them to 

100 cycles of bending to reach a 1 cm radius. Figure 2.10e and f show that after 20 bending cycles, the 

control perovskite film developed cracks at the grain boundary areas, which are called intergranular 

fractures. A significant change in morphology was seen after 100 bending cycles, with fissures shown 

to have grown and spread throughout the grain’s interior, a phenomenon commonly referred to as trans-

granular fracture126. On the contrary, the target perovskite film retained its compact and intact shape 

even after 100 bending cycles, and there was no apparent delamination on the perovskite-substate 

interface, as shown in Figure 2.10e and g. The target perovskite films could have their mechanical 

strength improved, lattice distortion reduced, and residual stress released by using the stretchable 2D 

perovskite components as a "band-aid" to adhere to the 3D perovskite surface and the perovskite 

substrate interface. 
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Figure 2.10 (a), (b), SCAG and TIAG process schematics. (c), (d), TOF-SIM depth profiles of PhBA+ 

(green) in SCAG and TIAG perovskite films125. (e), Illustration of the morphological alteration 

resulting from the bending test of several perovskite films applied to a flexible ITO-PET substrate. 

After bending for various cycles, the control and target perovskite films are shown in corresponding 

(scanning electron microscopy) SEM images (f and g, respectively). Take note that the bending cycles 

were denoted by the numbers that followed the sample names126.  
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2.6  Interface Characterization Methods for Heterojunctions 

 

In order to improve the stability and performance of 2D/3D PSCs, the interface structure and 

quality are crucial and need to be carefully observed. Solar cells’ carrier dynamics, recombination 

suppression, environmental stability, and energy alignment are all profoundly affected by the interface 

between 2D and 3D perovskites. Thus, in an effort to increase the efficiency and stability of PSCs, 

interface engineering is a primary area of study. More efficient and stable perovskite solar systems will 

definitely be developed as a result of further understanding of interfacial phenomena through 

theoretical modeling and better characterization techniques. 

 

2.6.1 Spectroscopic Probing 

 

When investigating the heterojunctions interface, X-ray photoelectron spectroscopy (XPS) is an 

effective method for determining the elemental composition and oxidation states. Chemical 

environments, the possibility of interfacial dipole generation, and defect states can be better understood 

with the use of XPS, which analyzes the binding energy of core electrons. Surface roughness and 

morphology can be revealed by topographical maps produced using atomic force microscopy (AFM), 

which uses a small tip to "touch" the material’s surface. Chen et. al. discovered that the organic 

substance they utilized is efficiently adsorbed on the perovskite surface when a new peak at 533.0 eV, 

associated with C−O, emerged in the XPS spectra of O 1s127. Investigation of the structure of the 

valence band and the work function at the perovskite interface is carried out via ultraviolet 

photoelectron spectroscopy (UPS). Charge carrier injection or extraction obstacles and energy level 
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alignment can be better understood through this method. As for Fourier-Transform infrared 

spectroscopy (FTIR), by analyzing the vibrational modes at the interface, it can provide a non-

destructive way to learn about molecule orientations, bond forms, and potential interactions between 

the 2D and 3D perovskite. After absorbing photons, perovskite materials can cause the emission of 

light. Charge carrier recombination can be detected via photoluminescence spectroscopy (PL), which 

can indicate the existence of trap states and the heterointerface quality. Furthermore, distinct PL 

characteristic peaks can be used to further confirm the compositions of the two-dimensional 

perovskites with varying n values107. 

Conductive Atomic Force Microscopy (C-AFM) is utilized to directly measure the local electrical 

conductivity and to identify conductive or insulating regions at the interface, which is essential for 

assessing the efficiency of charge transport across the junction. According to C-AFM investigations 

illustrated in Figure 2.11a and b, where the yellow and black regions represent high and low 

conductivity, respectively, the electric current was reduced due to the presence of 2D perovskite 

organic layers on the surface128. Kelvin Probe Force Microscopy (KPFM) is a non-contact AFM 

method that measures the surface potential to reveal information on the potential landscape and work 

function of the interface. In order to detect electrostatic forces, KPFM brings a conducting AFM tip 

extremely close to the sample’s surface. An alternating current (AC) voltage is applied to the tip, which 

interacts with the surface potential, generating an oscillating electrostatic force. By superimposing a 

direct current (DC) voltage to nullify this force, KPFM can measure the difference in work function 

between the tip and the sample, thus determining the local contact potential difference with high spatial 

resolution. The carrier dynamics, including charge transfer and recombination processes at the 
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interface, can be studied via TRPL measurements. The interface quality and its impact on device 

performance can be revealed by the lifetime and quenching of photoluminescence.   

 

 

Figure 2.11 C-AFM images of (a) reference and (b) 2D/3D perovskite films128. 

 

2.6.2 Electron Microscopy Characterizations 

  

Surface and cross-sectional morphological properties, including layer thickness, uniformity, and 

interfacial defect, can be studied with SEM. However, SEM can only provide a spatial resolution up 

to several nanometers, which is insufficient for revealing detailed crystal structures. Therefore, 

aberration-corrected high-resolution TEM becomes the promising solution to provide the real-space 

atomic arrangements and crystalline structures at the 2D/3D perovskite interface. Due to the electron 

sensitivity of halide perovskites, a low-dose condition is necessary for TEM observations to avoid 

beam-induced damage. Besides, a cross-sectional view is also crucial to provide in-depth insights into 

the 2D/3D junction’s characteristics, such as the interlayer spacing, orientation of 2D or 3D perovskite, 

and possible interdiffusion of materials, which requires a special sample preparation approach 
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involving FIB processing. Compared with TEM, the STEM image is more interpretable with contrast 

related to atomic numbers (Z-contrast). By employing high-resolution STEM (HR-STEM), Azmi et. 

al. were able to observe the 2D perovskite structure and orientation, which were found to be mostly 

perpendicular at the top contact, as shown in Figure 2.1219. 

 

 

Figure 2.12 High-angle annular dark-field STEM (HAADF-STEM) cross-sectional picture of a 2D 

perovskite material revealing its perpendicular orientation, zoomed in to the region close to the top C60 

contact19. 

 

Material releases X-rays when excited by high-energy electrons and those signals within a 

particular solid angle can be detected by a silicon detector. Energy-dispersive X-ray spectroscopy 

(EDX) allows for elemental analysis and mapping at the material’s interface, which is typically used 

in conjunction with SEM and TEM107. Priya’s group developed an emulsion-based self-assembly 

approach using natural lipid biomolecules in a nonionic solution system to form a 0D/3D bilayer 

structure129. A crystalline MAPbI3 nanoparticle covered with a shell of E1 molecules is indicated by 

the elemental distribution of iodine (I) and carbon (C) in Figure 2.13f. The CH3NH3PbI3 is a 
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representation of the inner lattice that includes I and C components. It is possible to attribute the 

carbon-based E1 molecules to the outer amorphous layer, which is denoted by the gray dashed line, 

since it contains just carbon, as shown in Figure 2.13. In combination with TEM, electron energy loss 

spectroscopy (EELS) can provide information regarding the interface layers’ thickness, electrical 

structure, and elemental composition79,86. Through EESL mapping, Yang et al. revealed that, in ambient 

air, O probably destroys the organic component CH3NH3
+ of perovskites, Figure 2.14130. However, 

damage to the sample is quite possible when using EDS and EELS due to the high electron dose needed 

to achieve a high signal-to-noise ratio.   

     

 

Figure 2.13 SEM image of E1-doped MAPbI3 film from (a) cross-sectional and (b) top-view. (c), The 

highly packed arrangement of E1 molecules on MAPbI3 nanocrystals is illustrated in the scheme. (d), 

TEM image (e), HAADF-STEM image and (f), elemental mapping of the E1-MAPbI3 nanocrystal129.  
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Figure 2.14 Chemical element distribution in the vertical direction can be revealed via EELS mapping. 

A HAADF-STEM image (a) and associated EELS mapping images of triple-layer 

TiO2/CH3NH3PbI3/Spiro-OMeTAD atomic areal densities for titanium (b), oxygen (c), and iodine 

(d)130. 

 

2.6.3 Low-dose S/TEM Characterizations of Halide Perovskites 

 

Figure 2.15 illustrates the distinct operational principles of TEM mode and STEM mode. TEM 

has two main tasks: one is collecting the reciprocal-space diffraction information of materials, and 

another is imaging the real-space structure of materials. For reciprocal-space diffraction, when an 

electron beam interacts with a crystalline sample, it is diffracted according to Bragg’s law. This 

diffraction pattern is recorded in reciprocal space, which is the Fourier transform space of the real 

lattice. These patterns provide information about the crystal structure, lattice parameters, and symmetry. 

The spots in a diffraction pattern correspond to the different planes in the crystal lattice. By analyzing 

diffraction patterns, researchers can determine the crystallographic orientation, identify phases, and 

study defects such as dislocations or stacking faults that are particularly useful for characterizing 

polycrystalline and single-crystal materials. Selected Area Electron Diffraction (SAED) allows for the 

selection of a specific region of the sample to obtain diffraction information, which is essential for 

analyzing heterogeneous materials. Real-space imaging in TEM involves forming an image of the 

sample by focusing transmitted electrons after they pass through the specimen. The contrast in these 

images is related to variations in thickness, composition, and crystallographic structure. TEM can 

achieve atomic resolution, allowing for direct visualization of the arrangement of atoms, defects, and 
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interfaces within a material. Techniques such as bright-field (BF) and dark-field (DF) imaging enable 

the differentiation of features based on differences in mass, thickness, and diffraction conditions. Real-

space imaging is used to study the morphology, size distribution, and internal structure of nanoparticles, 

thin films, and biological specimens. It provides direct visual evidence of phenomena like grain 

boundaries, phase transitions, and compositional inhomogeneities. 

STEM combines elements of both TEM and SEM. In STEM, a focused electron beam is scanned 

over the sample, and transmitted electrons are detected to create an image. STEM offers various 

imaging modes such as bright field, dark field, and HAADF, each providing different types of contrast 

and information about the sample. STEM is often combined with spectroscopic techniques like EDS 

and EELS, allowing for elemental and chemical analysis at the nanoscale. STEM can achieve atomic 

resolution similar to TEM but offers the advantage of enhanced contrast and sensitivity, especially for 

heavier elements using HAADF imaging. Besides, STEM is particularly useful for studying the 

structure and composition of complex materials, interfaces, and heterostructures, making it ideal for 

research in fields like semiconductor technology and nanotechnology. 

DPC (Differential Phase Contrast) technology achieves imaging by measuring the phase shift of 

the electron beam after it passes through the sample. When the electron beam traverses the sample, the 

internal potential distribution of the sample causes a phase shift in the electron wave. DPC technology 

utilizes a segmented detector to measure the deflection of the electron beam in both the X and Y 

directions, thereby obtaining information about the internal potential gradient of the sample. IDPC 

technology (Integrated Differential Phase Contrast) represents a further advancement of DPC 

technology. By performing a two-dimensional integration of the differential phase signals acquired 

through DPC, it reconstructs a projected image of the internal potential distribution of the sample. 
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Since the internal potential distribution is directly related to the types and positions of atoms within 

the sample, iDPC technology can provide images with atomic-level resolution. The distinction between 

DPC and iDPC lies in the fact that DPC measures the deflection of the electron beam (i.e., the potential 

gradient), providing differential phase signals, whereas iDPC reconstructs the internal potential 

distribution of the sample through integration of the DPC signals, offering more intuitive images with 

atomic-level resolution. IDPC is particularly advantageous in mapping electric potential at interfaces 

and within semiconductor devices and is crucial for studying ferroelectric and piezoelectric materials 

by visualizing domain structures and polarization fields. Its application extends to nanotechnology, 

aiding in the characterization of nanoscale devices through electric field analysis. The method’s non-

destructive nature, coupled with the high spatial resolution of STEM, makes it suitable for analyzing 

sensitive materials at the atomic scale, providing quantitative data on electric fields essential for 

advancing electronic materials and optimizing devices. The iDPC imaging technique demonstrates 

dual advantages in electron microscopy: exceptional signal-to-noise ratio under low-dose conditions 

(≤100 e⁻/Å²), achieved through phase-gradient signal amplification, and atomic-number contrast 

sensitivity down to Z=3 (lithium) with 0.8 Å resolution, enabled by its intrinsic sensitivity to 

electrostatic potential gradients131. 

4D-STEM is a sophisticated technique that extends the capabilities of conventional STEM by 

capturing a two-dimensional diffraction pattern at each probe position across a scanned area, resulting 

in a four-dimensional dataset comprising spatial and momentum information. This method allows for 

comprehensive analysis of crystallographic, electronic, and magnetic properties with unprecedented 

detail. By utilizing pixelated detectors, 4D-STEM provides enhanced sensitivity and resolution in 

mapping local structural variations, strain fields, and electric or magnetic fields within a sample. The 
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technique enables researchers to perform quantitative phase imaging, orientation mapping, and strain 

analysis, offering insights into the material’s microstructure and functional properties at the atomic 

scale. 4D-STEM is particularly valuable in studying complex materials and interfaces, where 

conventional methods may fall short, as it captures the intricate interplay of local structural and 

electronic phenomena. This capability makes it indispensable for advancing research in materials 

science, nanotechnology, and condensed matter physics, facilitating the development of next-

generation materials and devices. 

OIHPs exhibit a significant sensitivity to electron beams. As Figure 2.16 illustrates, Rothmann et 

al. observed a gradual decomposition of FAPbI3 perovskite films under continuous electron beam 

irradiation. Following a single scan with the electron beam, the cumulative dose amounts to roughly 

66 e Å-2. After three scans (around 200 e Å-2), notable changes in the contrast of the pristine perovskite 

structure are observed. Following nine scans (around 600 e Å-2), the perovskite structure is entirely 

depleted, substituted by a crystal structure exhibiting uniform column intensity. Further exposure 

(around 1333 e Å-2) results in the sample being remarkably similar to 2H-hexagonal PbI2. This 

suggests that to accurately observe the real structure of OIHPs in TEM, it is essential to utilize certain 

low-dose imaging techniques. 

In this thesis, a combination of low-dose HAADF-STEM, iDPC, and 4D-STEM was employed to 

characterize OIHPs. Recognizing that halide perovskites are susceptible to degradation under high 

electron doses, which can significantly alter their crystal structure and intrinsic properties, low-dose 

techniques are critical for preserving these materials’ original characteristics during analysis. Low-

dose S/TEM facilitates high-resolution imaging that allows for the detailed visualization of crystal 

structures, grain boundaries, lattice fringes, and phase interfaces. When combined with energy-
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dispersive EDS and electron energy loss spectroscopy EELS, low-dose S/TEM enables comprehensive 

analysis of the elemental composition and electronic structure of halide perovskites, aiding in phase 

identification and atomic-level compositional understanding. This approach is particularly valuable for 

investigating defects and interfaces, which are pivotal to understanding the performance and efficiency 

of perovskite solar cells, by revealing defect densities, types, and distributions. Moreover, advanced 

low-dose S/TEM techniques allow for the in situ observation of dynamic processes, such as ion 

migration and phase transitions under external stimuli, offering significant insights into the operational 

mechanisms of perovskite-based devices. 

 

 

Figure 2.15 Electron microscopy methods used to investigate nanomaterials. (a), Reciprocal-space 

diffraction in TEM mode offers information on the crystal structure, while real-space imaging allows 

for the observation of morphology. (b), In STEM mode, several imaging techniques have been used to 

examine the crystal structure (such as BF, ABF, (HA)ADF, iDPC, and 4D-STEM), composition (EDX 

and EELS), and electronic structure (EELS)131. 
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Figure 2.16 Damage mechanism of FAPbI3 detected under a scanning electron beam in a 30 nm thick 

film produced with near-ideal stoichiometry141. (a)-(d), scale bar, 10 nm. 
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2.6.4  Electrical and Optoelectronic Characterization 

 

From the perspective of solar cell devices, electrochemical impedance spectroscopy (EIS), an 

enchanting plot of the real versus imaginary components of impedance, typically unfurls into a series 

of semicircles known as Nyquist plots. The frequency range of each semicircle suggests the spatial 

domain of the corresponding process within the device, whether that activity is occurring at the 

interfaces or in the bulk material.  

 

2.7  Summary  

 

Constructing a perovskite heterojunction in 2D/3D form presents multiple advantages in 

enhancing the stability and performance of perovskite solar cells. Firstly, the 2D layer can function as 

a passivation layer that safeguards the underlying 3D perovskite from moisture and other 

environmental factors. Additionally, the 2D layer has the ability to diminish surface defects, which 

ultimately leads to improved charge transport properties and device performance. The 2D/3D interface 

also can enhance charge separation and extraction, leading to greater power conversion efficiency. In 

addition, the tunable bandgaps of 2D/3D perovskite heterojunctions can be engineered, making them 

advantageous for the development of highly efficient tandem solar cells. Ultimately, constructing 

2D/3D perovskite heterojunctions holds immense potential for enhancing the stability and performance 

of perovskite solar cells. 

Although 2D/3D perovskite structures have many advantages, some issues still need to be resolved. 

The stability of perovskite films is still one of the main issues among these. Compared to their 3D 
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counterparts, 2D perovskites have shown improved stability, but they are still susceptible to heat and 

moisture. The overall performance and stability of the device may also be affected by the interactions 

between the 2D and 3D layers. Charge separation and recombination are significantly influenced by 

the band alignment at the interface. Additionally, defects or traps at the interface may result in non-

radiative recombination, which eventually lowers the device’s effectiveness. Controlling the 

composition and thickness of the layers is also a difficult issue because these factors have a significant 

impact on the device’s characteristics. Last but not least, the substantial exciton binding energy in 2D 

perovskites may limit their utility in solar systems. As a result, it is necessary to investigate methods 

that can lower the binding energy while maintaining stability and other important features. 

This thesis will concentrate on a deeper understanding of 2D/3D perovskite heterojunctions 

through electron microscopy. The low-dose STEM technique was employed to directly evaluate the 

distribution of 2D perovskite on 3D grain and its impact on the device. The observation results are 

subsequently utilized to assess the techniques and factors involved in constructing 2D/3D perovskite 

heterojunctions. Then, it is possible to further optimize and obtain more stable and efficient 2D/3D 

PSCs. 
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Chapter 3 Experimental and Characterization Methods 

3.1  Materials 

 

Lead iodide and lead bromide (PbI2 and PbBr2, >99.99%) were acquired from TCI (Japan). 

Formamidinium iodide and Methylammonium chloride (FAI and MACl, >99.99%) were purchased 

from Greatcell Solar (Australia). 4-tert-butylpyridine (4-TBP, 96%), Bis(trifluoromethane) 

sulfonimide lithium salt (Li-TFSI, 99.95%), N, N-Dimethylaniline (DMF) and dimethyl sulfoxide 

(DMSO), acetonitrile (ACN), chlorobenzene (CB), ethyl acetate (EA), isopropyl alcohol (IPA) were 

purchased from Merck (USA). Phenyl-C61-butyric acid methyl ester (PCBM), C60, Bathocuproine 

(BCP) and PEAI, chloroformamidine (FACl), phenethylammonium bromine (PEABr) were purchased 

from Xi’an Polymer Light Technology Corp. Tin (IV) oxide (15 wt.% in H2O colloidal dispersion) and 

cesium iodide (CsI, >99.998%) and cesium bromide (CsBr, >99.998%) were acquired from Alfa Aesar 

(USA). Spiro-OMeTAD (99.8%) was purchased from Borun Chemical Co., Ltd. (China). MeO-2PACz 

was acquired from the Tokyo Chemical Industry. All materials were utilized without further 

purification. 

 

3.2  2D/3D Perovskite Heterojunctions Preparation 

 

The ITO substrates underwent a cleaning process involving ultrasonic treatment with deionized 

water, acetone, and isopropanol for a duration of 20 minutes each, followed by UV ozonation. The tin 

(IV) oxide colloid was diluted with deionized water at a volume ratio of 1:5, followed by filtration and 

uniform spin-coating at 3000 rpm for 30 seconds. Subsequently, the sample was annealed at a 
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temperature of 180 degrees for a duration of 30 minutes. A mixture comprising of 461 mg of PbI2, 

154.8 mg of FAI, and 26 mg of CsI was dissolved in a solvent mixture of anhydrous DMF and DMSO 

with a volume ratio of 4:1. The solution was subjected to shaking until complete dissolution was 

achieved. Then, the solution containing the perovskite precursor underwent spin-coating at an 

acceleration rate of 1000 revolutions per minute for a duration of 20 seconds, while being subjected to 

a rotational speed of 5000 rpm. Subsequently, 200 µl of CB was gradually introduced into the solution 

as an anti-solvent at the 10-second after the beginning of spin-coating, followed by a heating process 

at 150 ℃ for a duration of 10 minutes. Various concentrations of PEAI (or PEABr) were dissolved in 

an IPA solution. The perovskite film was subjected to spin-coating at 3000 rpm for 30 seconds with an 

organic spacer cation solution after being cooled. To form 2D perovskite, the film was annealed on a 

hot table at 100 ° C for 10 min after spinning the IPA solution, as shown in Figure 3.1 below. The HTL 

solution was formulated through the dissolution of 72.3 mg of Spiro-OMeTAD, 17.5 μL of a stock 

solution containing 520 mg/mL LiTFSI/acetonitrile, and 28.8 μL of 4-TBP in 1 mL of CB. 

Subsequently, a metal electrode was produced through thermal evaporation of a gold film with a 

thickness of 80 nm. 

 

 

Figure 3.1 Preparation method of 2D/3D perovskite heterojunctions. 
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3.3  Cs-corrected TEM 

 

The “Cs corrector” generates a negative coefficient (Cs) of spherical aberration to counterbalance the positive 

Cs of the objective and condenser lenses, which are magnetic field lenses with axial symmetry. The Cs-corrected 

TEM is a highly sophisticated variant of the transmission electron microscope that has been developed to address 

the issue of spherical aberration. This type of aberration is a fundamental constraint of electron lenses in traditional 

TEM. Spherical aberration is a phenomenon that arises when electrons traverse a lens and converge at disparate 

focal points, leading to the production of an indistinct image. The correction of Cs-induced aberration in TEM is 

achieved through the utilization of electron lenses that are specifically designed to produce an image with enhanced 

sharpness and focus. This results in the acquisition of images with higher resolution and increased sample detail. 

The foremost benefit of Cs-corrected TEM lies in its capability to capture images of materials at the atomic level. 

This feature is crucial in comprehending the characteristics and actions of materials at the nanoscale. The 

instrument possesses the ability to generate high-quality images of both crystalline and amorphous substances and 

can capture images of specimens subjected to diverse conditions, including elevated temperatures and reactive 

surroundings. The utilization of Cs-corrected TEM is prevalent in the fields of materials science, nanotechnology, 

and biology, where it serves a multitude of purposes. These include the examination of nanoparticle structure and 

characteristics, the comprehension of catalyst behavior, and the visualization of biological structures such as 

viruses and proteins. The low-dose imaging properties of this technique enable high-resolution imaging of electron 

beam-sensitive materials, including perovskite. 

As Figure 3.2 shows, the Thermo Scientific™ Spectra 300 Scanning/Transmission Electron Microscope 

(S/TEM) is a highly efficient and dependable instrument that offers exceptional performance for the examination 

of semiconductor materials and semiconductor failure analysis, making it the fastest and most reliable tool in its 

category. The combination of a high-brightness field emission gun (X-FEG) and user-friendly software enables 

access to knowledge pertaining to sophisticated products, including those with 7 nm or smaller node devices. This 

high-end S/TEM is well-suited for industrial applications due to its capacity to produce rapid energy-dispersive X-
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ray spectroscopy (EDS) maps while maintaining spatial resolution, as well as its capability for EELS and low-kV 

analysis. The utilization of this potent instrument enables us to achieve high-resolution imaging of perovskite 

materials while employing a low beam dose. 

 

 

Figure 3.2 Spherical Aberration Corrected Transmission Electron Microscope. 

 

3.4  FIB and Cross-sectional STEM Sample Preparation 

 

The FIB technique is a form of microscopy that employs a concentrated beam of ions to generate 

images, ablate and manipulate samples at a nanometer scale. The ion beam is composed of gallium 



48 

THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 3  

 

 

ions that are accelerated to high energies and subsequently concentrated onto a limited region of the 

sample surface. The utilization of this method presents multiple benefits in the context of sample 

preparation for STEM visualization. The FIB technique is capable of achieving high precision and 

accuracy in the milling and shaping of samples to meet specific requirements in terms of thickness, 

size, and shape. This facilitates the generation of extremely thin specimens for achieving high-

resolution imaging and the construction of intricate configurations for conducting in situ experiments. 

Furthermore, FIB has the capability to selectively eliminate undesired regions of a specimen, thereby 

enabling the isolation of particular regions of interest for STEM imaging. The utilization of FIB 

enables the direct extraction of cross-sectional samples from perovskite solar cell devices with a high 

degree of precision and reliable reproducibility, rendering it an optimal technique for conducting 

STEM experiments.  

The cross-sectional TEM specimens were prepared through a dual-beam FIB nanofabrication 

platform (Helios 5CX, Thermofisher, USA). A 0.3 μm thick platinum (Pt) protection layer was first 

deposited on the top of the device’s metal electrode surface by electron deposition. Then, a 3 μm thick 

Pt protection layer was deposited by an ion beam to further protect the sample area. The operation 

voltage of the gallium ion beam is 30 kV and the working current is 0.1–47 nA for lamella processing. 

Subsequently, the lamella was extracted from the substrate and directly transported to a TEM half grid 

in FIB chamber. The lamella’s observation area was thinned to less than 50 nm using a gallium ion 

beam with a current ranging from 40 to 790 pA, followed by precise milling and polishing using an 

ion beam with an accelerating voltage as low as 1 kV and a working current of 72 pA. Furthermore, as 

shown in Figure 3.2, subsequent to acquiring the STEM sample from FIB, we applied a layer of 

amorphous carbon with a thickness of approximately 10 nm onto the sample by a high-vacuum coater 
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(Leica ACE 600) at a pressure of 1 × 10−4 mbar. The protective function of the amorphous carbon 

coating is attributed to its ability to absorb the energy of incoming electrons, thereby preventing their 

penetration and subsequent damage to the underlying sample. The application of this coating results in 

a reduction of electron radiation that reaches the sample, thereby mitigating the deleterious effects of 

the electron beam. Furthermore, the application of an amorphous carbon coating has the potential to 

enhance image contrast and resolution in electron microscopy through the mitigation of charging and 

beam-induced contamination23,24,132. 

 

 

Figure 3.3 Cross-sectional STEM sample preparation23. 

 

3.5  Other Characterization 

3.5.1  HAADF-STEM 
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The device cross-section specimens were observed using an aberration-corrected S/TEM (Spectra-

300, Thermofisher, USA; equipped with a field emission gun) operating at an accelerating voltage of 

300 kV. The probe convergence angle is 24.5 mrad, whereas the angular range of the HAADF detector 

extended from 79.5 to 200 mrad. The duration that each pixel is exposed during the acquisition of 

HAADF-STEM images is 6 μs for image acquisition area is larger than 200 × 200 nm2 (4 μs for image 

acquisition area is smaller than 200 × 200 nm2), and the dimensions of all STEM images in this study 

are 2048 × 2048 pixel2. The frame size for the high-resolution STEM images is around 200 × 200 nm2. 

The beam current was around 1 pA and the cumulative electron dose was approximately 39.3 e·Å−2 (< 

50 e·Å−2), which was confirmed to be maintained at a low level to minimize beam-induced damage. 

 

3.5.2  EELS 

 

The EELS datasets were acquired with an electron beam current of 25 pA using Gatan’s K3 single-

electron counting direct detection camera in Spectra 300 S/TEM. Dual-EELS mode with a dispersion 

of 0.18 eV/ch, covering a 622 eV energy range was used to capture the N K-edge, I M-edge and Br L-

edge signals. In order to obtain a better signal-to-noise ratio (SNR), the I and Br signals were detected 

separately with different acquisition energy ranges (for I M-edge, 380 eV to 1002 eV, for Br L-edge, 

1200 eV to 1822 eV) at the same location. 

 

3.5.3  4D-STEM 
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The utilization of 4D-STEM (four-dimensional scanning transmission electron microscopy) 

presents various benefits in comparison to traditional STEM methodologies133-136. The foremost 

advantage of this technique is its ability to provide atomic resolution images and diffraction patterns 

concurrently, thereby facilitating comprehensive structural and physical analysis of materials. Then, it 

facilitates the swift accumulation of extensive datasets, which can be subjected to analysis through 

machine learning and other sophisticated methodologies to extract comprehensive insights about the 

characteristics of the substance. Besides that, it has the potential to be utilized for in-situ and operando 

investigations, thereby facilitating the examination of dynamic phenomena in real-time. As depicted 

in Figure 3.3, 4D-STEM has the ability to rectify aberrations and other imaging distortions, thereby 

yielding measurements of material properties that are highly accurate and precise137-140.  

 

 

Figure 3.4 Schematic of 4D-STEM experiment. Collected nano beam electron diffraction (NBED) can 

be employed to scrutinize the crystallinity and the orientation of the perovskite grains. 
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For the 4D STEM measurements, an electron probe with a convergence angle of 1 mrad was used 

and the beam current was reduced below 1pA (~0.2pA), thus reducing the electron dose below the 

threshold values for radiation damage. The 4D STEM datasets were acquired by a pixelated e-detector 

(EMPAD, the pixel number of the EMPAD detector is 128 × 128 pixels) with a single exposure of 1 

ms and the summed intensities of 512 × 512 diffraction patterns were collected. Therefore, the 

cumulative electron dose for a 300 nm × 300 nm acquisition region is approximately 36 e·Å−2, which 

is significantly lower than the 50 e·Å−2 critical electron dose that has been documented as causing 

beam damage in organic and inorganic hybrid perovskite samples141,142. 

 

3.5.4  Morphology and Physical Property Characterizations 

 

SEM images were taken by a Helios 5CX with a 3 kV, 86 pA e-beam. The absorption was 

characterized by the ultraviolet-visible (UV-vis) spectrophotometer (Perkin-Elmer Lambda 35 UV-vis-

NIR). Glancing-incident X-ray diffraction (XRD) was performed on a Rigaku Smartlab 3kw at an 

incident angle of 1°. Ultraviolet photoelectron spectroscopy (UPS) was characterized by a VG Scienta 

R4000 analyzer and the HeI (21.22eV) emission line was employed for excitation at a bias of -5 V. The 

steady-state photoluminescence spectra were obtained using a pulse laser as an optical excitation 

source (wavelength: 470 nm, Horiba FluorologFL-3), and a time-resolved photoluminescence (TRPL) 

experiment was carried out by excitation at 470 nm. Mott-Schottky was measured by a CHI660E at a 

frequency of 1 kHz with an applied bias voltage of 0 V~1.4 V. The fluorescence confocal images were 

obtained by the laser scanning fluorescence confocal microscope (Leica TCS SP8) with 488 nm laser 

excitation. 
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3.5.5 PSC Fabrication and Testing 

 

The MeO-2PACz layer (1 mg/mL in IPA) was deposited on the ITO glass at 3000 rpm for 30 s in 

a nitrogen-filled glove box, then annealed at 100 ℃ for 10 min. For the preparation of 

Cs0.05(MA0.05FA0.95)0.95Pb(I0.95Br0.05)3 perovskite layers, a 1.5 M precursor solution was prepared by 

dissolving PbI2 (676.8 mg), FAI (232.8 mg), CsI (19.5 mg), PbBr2 (41.3 mg), and MACl (35.2 mg) in 

1 mL of a DMF/DMSO solvent mixture (4:1 volume ratio). The mixture was stirred overnight at room 

temperature and filtered through a 0.22 μm syringe filter before use. The resultant perovskite precursor 

solution was then spin-coated at 4000 rpm for 40 s, using 200 μl of EA as the antisolvent at the 30th 

second. The film was annealed at 120 ℃ for 20 min. For the control device, the PEAI solution (PEAI 

with different concentrations in IPA) was spin-coated at 3000 rpm for 30 s and annealed at 100 °C for 

10 min. For the LSS device, 3D perovskite films were first subjected to spin-coating at 3000 rpm for 

30 seconds with different concentrations of PCBM in CB solution to form an interlayer, then  

processed the same way as control samples. After forming the control films, the PC61M (20 mg/mL in 

CB) layer and the BCP (0.7 mg/mL in IPA) film were spin-coated at 2000 rpm and 4000 rpm for the 

20s, respectively, then annealed at 70 ℃ for 10 min. Finally, a 100 nm thick layer of Ag was evaporated 

onto the active area through a mask (0.09 cm2). Under standard AM 1.5 G illumination using a xenon-

lamp-based solar simulator (Enlitech, IVS-KA5000), the current-voltage (J-V) characteristic and 

steady-state power output of solar cells were measured by a Keithley 2420 sourcemeter in the nitrogen-

filled glovebox. The light intensity was calibrated by a silicon (Si) diode (Hamamatsu S1133) equipped 

with a Schott visible-color glass filter (KG5 color filter). The step voltage and scan speeds were 20 

mV and 0.2 V s-1. The reference cell for further calibrating the solar simulator before J-V measurements 
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was an Oriel® reference solar cell accredited by NIST to the ISO-17025 standard. The area of the 

metal aperture used during the test is 0.069 cm2. EQE was recorded at a chopping frequency of 165 Hz 

in AC mode on a solar cell quantum efficiency measurement system (QE-R3011, Enlitech). The p-i-n 

PSCs with the configuration of ITO/MeO-2PACz/perovskite/C60/BCP/Ag were fabricated for all 

stability tests. For the light-soaking stability, the unencapsulated PSCs were tested periodically on 

continuous one-sun illumination in a nitrogen atmosphere. For the damp heat test, the PSCs were all 

encapsulated using UV-curing adhesive with a cover glass. Then, the edge of the cover glass was 

further protected by epoxy and cured at room temperature for >48 hours. The encapsulated devices 

were placed in an environmental chamber at 85 °C and 85% RH, and the PCEs were measured 

periodically after the devices cooled to room temperature. Experiments were conducted to determine 

the unencapsulated devices’ long-term operational stability in a flowing nitrogen atmosphere upon 

MPP tracking and continuous light irradiation with a white LED lamp (100 mW cm-2). 
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Chapter 4 Effect of Halide Ion in 2D/3D Perovskite 

Heterojunctions 

4.1 Introduction 

 

Halide ions play a crucial role in tuning the properties of OIHPs. First of all, bandgap adjustment 

can be achieved by using different halide ions such as chloride, bromide, and iodide, hence impacting 

the range of light absorption143-146. Besides, by selecting specific halide ions, the ability of OHIPs to 

withstand moisture and heat stress can be improved, thereby extending the longevity of the PSCs147-

150. Furthermore, optimal halide selection may reduce defects and trap states, resulting in improved 

movement of charges and decreased losses due to recombination149,151-154. The optoelectronic 

properties of solar cells can be optimized by the presence of halide ions, which have a significant 

impact on the optical and electrical characteristics, leading to improved efficiency and performance155-

160. 

In addition, different halide ions also have significant effects on the optical properties of 2D 

perovskite. The bandgap of perovskite is directly influenced by the specific type of halide ion present. 

Typically, the presence of chlorides, bromides, and iodides can progressively elevate the bandgap, 

resulting in a modification of the material’s absorption spectra. The alteration of the bandgap will result 

in a corresponding modification in the material’s ability to absorb various wavelengths of light. This 

can be utilized to modify the optical reaction of the device to accommodate a particular application. 

Besides, a particular choice of halide ions also impacts the fluorescence emission properties of the 

material, altering its luminosity and color161-165. 
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Researchers have recently discovered that precise manipulation of the crystal orientation in 2D 

layered perovskite (LP) films is a crucial factor in the attainment of optimal optoelectronic device 

functionality, including but not limited to solar cells and photodetectors72. The successful preparation 

of 2D LP films with diverse crystal orientations, such as random, vertical, mixed, and parallel, has 

been achieved through the manipulation of chlorine ion concentration. The findings of their research 

indicate that the incorporation of chlorine can serve as a viable means of controlling the crystallization 

mechanisms of 2D LP films, as evidenced by their synchrotron-based in situ grazing-incidence X-ray 

diffraction experiments. This is attributed to the creation of intermediates that are associated with 

chlorine72.  

The study in this chapter involved the incorporation of a different quantity of FACl into PEAI to 

treat 3D perovskite with the aim of investigating its potential impact on the dispersion of 2D perovskite. 

Additionally, we will analyze the impact of introducing a specific quantity of Cl- on the performance 

of PSCs and the durability of OIHP films. Next, we modified the composition of the 3D perovskite to 

FA0.9Cs0.1PbBr3 and kept employing a PEAI solution as a substrate to form 2D perovskite. Our 

objective is to examine the potential changes in the structure and distribution of the resulting 2D 

perovskite. Finally, PEAI will be substituted with PEABr to examine the impact of halide ions in 2D 

organic salt solutions on the configuration of 2D/3D heterojunctions. 

 

4.2 FACl Addition on PEAI Solution 
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The grain distribution on the perovskite film of FA0.9Cs0.1PbI3 appears to be relatively uniform, as 

depicted in the SEM presented in Figure 4.1a. Notably, there is no apparent variation in brightness. 

However, it is worth noting that some nanosheets are observed to be present between the grains that 

may be attributed to excess PbI2 (Figure 4.1a). Upon exposure to a concentration of 5 mg/mL of PEAI, 

the grain boundaries exhibited significant blurring, and the surface of the film displayed dark-colored 

regions, as evidenced by the white circles (Figure 4.1b). Upon further augmentation of the PEAI 

concentration, an expansion in the coverage of regions exhibiting dark hues was observed96,166, 

concomitant with the generation of broad strips of two-dimensional grains (Figure 4.1c). 

 

 

Figure 4.1 SEM images of perovskite film treated with different concentrations of PEAI. (a), Control 

FA0.9Cs0.1PbI3 perovskite film; (b), treated with 5 mg/mL PEAI; (c), treated with 10 mg/mL PEAI. 

 

The SEM image presented in Figure 4.2a reveals that the application of 10 mg of PEAI treatment 

on the pristine perovskite film resulted in the formation of a non-uniform thickness of 2D perovskite. 

The surface of the film exhibited numerous strips of 2D perovskite that displayed a significantly higher 

thickness compared to the non-stripped regions, as evidenced by the deeper contrast observed. 

Furthermore, it is evident that a majority of the 3D perovskite grains remain uncovered by the 2D 

perovskite. The inclusion of 0.0125% mmol/mL (by weight ratio) FACl in 10 mg/mL PEAI solution 
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resulted in a notable reduction in the striped pattern of 2D perovskite, accompanied by a substantial 

increase in the surface area covered by these materials. Upon increasing the FACl concentration to 

0.05% mmol/mL, the striped 2D perovskite became nearly imperceptible, while the 2D perovskite 

effectively enveloped the entirety of the 3D perovskite grains. 

 

 

Figure 4.2 SEM images of perovskite film treated with 10 mg/mL PEAI and different amounts of 

FACl. (a), FA0.9Cs0.1PbI3 perovskite film treated with 10 mg/mL PEAI; (b), 10 mg/mL PEAI with 

0.0125% mmol/mL FACl addition; (c), 10 mg/mL PEAI with 0.05% mmol/mL FACl addition. 

 

Figure 4.3a illustrated that the grain surface of FA0.9Cs0.1PbI3 became uneven and exhibited 

significant variations in height after being treated with a concentration of 10 mg/mL PEAI. The 

challenging task of preserving the original structure of the 3D perovskite near the surface arises due to 

the vigorous ion exchange occurring between PEAI and the 3D grain surface. The thickness of the 2D 

perovskite produced through ion exchange reaction ranges from 15 to 50 nm, with the primary 

distribution of n values being n = 1 (d = 1.71 nm), n = 2 (d = 2.20 nm), and n = 4 (d = 3.60 nm), 

measured from Figure 4.3b and Figure 4.3b. The unorganized mixture of these 2D perovskites with 

varying n values will result in hindered charge transport, hence causing a substantial decrease in the 

energy conversion efficiency of PSCs71,72,167,168. During the experimental process, we observed that 

severe ion beam damage during FIB sample preparation may lead to the emergence of large-area bright 
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spot-like features in HAADF-STEM images. In contrast, electron beam irradiation damage induced by 

STEM observations typically manifests as newly formed darkened regions within the imaging area. 

 

 

Figure 4.3 HAADF-STEM image (a) and magnified image (b) and line profile image (c) of yellow 

arrow area in the 2D/3D perovskite device, treated with 10 mg/mL PEAI. The bright contrast features 

are likely attributed to gallium ion implantation or platinum redeposition during FIB sample 

preparation (typical beam current: 40 pA, acceleration voltage: 30 kV), whereas the dark-contrast 

regions predominantly result from localized amorphization caused by electron beam irradiation. 

 

When 0.05% mmol FACl was added to the PEAI solution, as depicted in Figure 4.4a, the thickness 

of the resulting 2D perovskite fell dramatically to around 3-15 nm. Additionally, the coverage of the 

3D grain surfaces increased, resulting in a smooth surface without noticeable damage. Figure 3.4b and 

c demonstrate that there is only one thin layer of 2D perovskite present on the surface of 3D perovskite. 

The layer’s thickness, as measured, is approximately 2.99 nm, contributing to a 2D perovskite with n 

value of 3. The presence of FACl in these extremely thin 2D structures demonstrates that it may 

minimize the adverse effects caused by PEA+ to 3D grains. This inclusion also promotes the formation 

of 2D perovskite with a single n value, consequently enhancing the stability of 2D/3D PSCs without 

sacrificing efficiency. 
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Figure 4.4 HAADF-STEM image (a) and (b) and line profile image (c) of yellow arrow area in the 

2D/3D perovskite device, treated with 10 mg/mL PEAI with 0.05% mmol/mL FACl addition. The 

bright contrast features are likely attributed to gallium ion implantation or platinum redeposition during 

FIB sample preparation (typical beam current: 40 pA, acceleration voltage: 30 kV), whereas the dark-

contrast regions predominantly result from localized amorphization caused by electron beam 

irradiation. 

  

Subsequently, an investigation was conducted to assess the stability of the films under varying 

concentrations of the Cl- mixture in perovskite. After being kept at room temperature (RT) and 

humidity levels of approximately 20°C and 30%-40%, respectively, for a period of 7 days, the 

unencapsulated initial films did not exhibit any notable alterations (Figure 4.5a and Figure 4.5b). Upon 

elevating the temperature and humidity levels, notable alterations were detected in select films, as 

depicted in Figure 4.5c. Specifically, the 3D perovskite films exhibited near-complete transparency, 

which suggests a considerable deterioration of the perovskite material. A discernible reddening of the 

3D perovskite film has been observed after the application of 5 mg PEAI. This suggests that the 2D 

perovskite layer has been effectively conserved, while a certain proportion of the 3D perovskite has 

undergone degradation. The stability of the perovskite phase of 2D/3D material remained unaffected 

after chlorine doping, as evidenced by the insignificant change in its color. This suggests that the 

material’s perovskite phase is stable and did not undergo any significant degradation. 
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Figure 4.5 Stability test of perovskite films with different concentrations of Cl- addition. (a), Initial 

sample; (b), Sample placed in RT RH~20℃ 30%-40% for 7 days. (c), Sample placed in ~ 85℃ 85% 

humidity for 1 min. 

 

The J-V plot of the perovskite solar cell device is depicted in Figure 4.6. The VOC of the device 

exhibits a noteworthy enhancement of 1.12 V with the application of 5 mg of PEAI treatment, in 

contrast to the reference value of 1.07 V. There exist multiple factors that may contribute to the 

augmentation of VOC in perovskite-based photovoltaic devices. The mitigation of non-radiative 

recombination within the apparatus is a primary contributing element. Enhancement of the perovskite 

film’s quality can be attained through defect reduction or surface passivation improvement. An 

additional aspect to consider is the enhancement of charge carrier mobility, which may be attained 

through the optimization of the perovskite film’s morphology or the incorporation of additives into the 

device. Furthermore, augmenting the energy offset amid the perovskite and the charge transport layers 

has the potential to enhance the VOC. Ultimately, the enhancement of VOC can be achieved through the 

mitigation of parasitic absorption in the charge transport layers. However, the JSC experiences a minor 

reduction. The above observation suggests that the implementation of a 2D perovskite layer serves to 

passivate the surface of 3D perovskite, thereby mitigating the occurrence of defects and non-radiative 

recombination. The introduction of Cl- doping has resulted in an enhanced efficiency of the device 

from 15.26% to 18.10%, with a slight increase in JSC and a higher VOC being maintained. Cl- doping 
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has adjusted the distribution of the 2D perovskite layer, which is more conducive to improving the 

device’s performance. 

  

 

Figure 4.6 Device performance of PSCs with different treatments. (a), Control sample FA0.9Cs0.1PbI3; 

(b), treated with 5 mg/mL PEAI; (c), 5 mg/mL PEAI with 0.05% mmol/mL FACl addition. 

 

 

4.3 FA0.9Cs0.1PbBr3 Treated with PEAI 

 

FAPbBr3 is a kind of perovskite that possesses a broad energy gap, making it well-suited for 

applications in LEDs and displays169-173. Perovskite containing bromide has superior resistance to 

moisture when compared to iodide174,175. Instead of using FA0.9Cs0.1PbI3, we constructed 

FA0.9Cs0.1PbBr3 via a two-step procedure. To provide a mixed solution with a concentration of 1 

mmol/mL, 0.9 mmol PbBr2 and 0.1 mmol CsBr were put into a 1 mL mixed solvent of DMF:DMSO 

(4:1 at volume ratio). Subsequently, the above solution was applied onto the substrate via spin-coating 

and then subjected to annealing on a heating plate at a temperature of 70 ℃ for a duration of 1 minute. 

Next, a solution of FAI (in IPA) with a concentration of 1 mmol per milliliter was applied onto the 

prepared films via spin-coating. The coated films were then subjected to annealing on a heating plate 

at a temperature of 150 ℃ for a duration of 15 minutes. This process resulted in the formation of 
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FA0.9Cs0.1PbBr3. To conduct a comparison with FA0.9Cs0.1PbI3, we utilized the same concentration of 

10 mg/mL PEAI to treat those 3D grains of FA0.9Cs0.1PbBr3. 

Figure 4.7a reveals that the grain size of FA0.9Cs0.1PbBr3 is larger than that of FA0.9Cs0.1PbI3. A 2D 

perovskite film with non-uniform thickness was formed when a concentration of 10 mg/mL of PEAI 

was applied (Figure 4.7b). Additionally, there were areas where 3D grains were not fully coated by the 

2D perovskite. Figure 4.7c clearly illustrates that the exposed surface of three-dimensional grains still 

exhibits remnants of damage despite not being fully covered by two-dimensional material. 

 

 

Figure 4.7 Top-view SEM images of (a), FA0.9Cs0.1PbBr3 perovskite film; (b) FA0.9Cs0.1PbBr3 

perovskite film treated with 10 mg/mL PEAI. (c), Magnified SEM images of FA0.9Cs0.1PbBr3 

perovskite film treated with 10 mg/mL PEAI. 

 

Figure 4.8a illustrates a perovskite heterojunction with a damaged 3D surface and a thick, uneven 

2D perovskite layer. The 2D perovskite has a thickness of roughly 100 nm when measured parallel to 

the 3D grain, whereas its vertical growth measures over 800 nm in thickness. The excessive thickness 

and unevenness of 2D perovskite suggested that the surface of the 3D grain has a very strong ion 

exchange with PEAI, possibly exacerbated by the presence of Br in the 3D perovskite. Furthermore, 

Figure 4.8b illustrates the presence of a 2D perovskite layer with n = 2 on the surface of the 3D grain, 
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followed by many stacked layers of 2D perovskite with n = 1. The existence of several layers of n = 1 

perovskite placed horizontally on 3D perovskite grains will significantly impede the movement of 

carriers. 

 

 

Figure 4.8 HAADF-STEM image of (a) FA0.9Cs0.1PbBr3 PSC treated with 10 mg/mL PEAI. (b), 

Magnified HAADF-STEM image of orange square in (a). 

 

After that, we lowered the concentration of PEAI to 5 mg/mL. As a result, we observed a decrease 

in the thickness of the 2D perovskite layer formed by it, as well as a reduction in the growth of the 

vertical 2D perovskite on the 3D grain surface. However, the thickness of the 2D layer remained 

relatively thick, measuring approximately 50–100 nm, as depicted in Figure 4.9a. Furthermore, after 

conducting a more detailed analysis of the orange box in Figure 4.9a, it is observed that the distribution 

of N-values in 2D perovskites consists of alternating layers of 2D perovskites with n = 2 and 1-4 layers 

of 2D perovskites with n = 1. This would indicate that as the concentration of PEAI decreases, the 
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proportion of 2D perovskites with n = 2 increases while the number of 2D perovskites with n = 1 

decreases (Figure 4.9b). 

 

 

Figure 4.9 HAADF-STEM image of (a) FA0.9Cs0.1PbBr3 PSC treated with 5 mg/mL PEAI. (b), 

Magnified HAADF-STEM image of orange square in (a). The bright contrast features are likely 

attributed to gallium ion implantation or platinum redeposition during FIB sample preparation (typical 

beam current: 40 pA, acceleration voltage: 30 kV), whereas the dark-contrast regions predominantly 

result from localized amorphization caused by electron beam irradiation. 

 

Aside from 2D/3D interfaces, there has consistently been a significant interest in studying 3D 

grain boundaries176-179. We chose an instance of the grain boundary, as depicted in Figure 4.10a. While 

there was no apparent presence of 2D perovskite on the surface of the 3D grains, it was shown to exist 

near the grain boundary. Three layers of 2D perovskites with a value of n = 2 were discovered after 

carrying out an investigation (Figure 4.10b). The penetration depth of these two-dimensional 

perovskites into three-dimensional structures is around 180 nanometers. 
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Figure 4.10 HAADF-STEM image of grain boundaries on (a) FA0.9Cs0.1PbBr3 PSC treated with 5 

mg/mL PEAI. (b), Magnified HAADF-STEM image of orange square in (a). The bright contrast 

features are likely attributed to gallium ion implantation or platinum redeposition during FIB sample 

preparation (typical beam current: 40 pA, acceleration voltage: 30 kV), whereas the dark-contrast 

regions predominantly result from localized amorphization caused by electron beam irradiation. 

 

4.4 FA0.9Cs0.1PbI3 Treated with PEABr 

 

The distribution of 2D perovskite exhibits a dramatic change when the I- in 3D perovskite is 

replaced with Br-. Hence, our intention is to exchange PEAI with PEABr to carry out a more detailed 

investigation on the potential of Br- to improve ion exchange at the interface between 2D and 3D 

perovskite, as well as their impact on the formation and distribution of 2D perovskite. As depicted in 

Figure 4.11a and b, the 3D perovskite grains received surface treatment with a concentration of 10 

mg/mL PEABr. This resulted in the formation of non-uniform 2D perovskite on the surface, which 

featured considerable variations in all directions. 
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Figure 4.11 Top-view SEM images of (a), FA0.9Cs0.1PbI3 perovskite film treated with 10 mg/mL 

PEABr. (b), Magnified SEM images of FA0.9Cs0.1PbBr3 perovskite film treated with 10 mg/mL PEABr. 

   

The HAADF-STEM image in Figure 4.12a demonstrates that 3D FA0.9Cs0.1PbI3 formed 2D layers 

with varying orientation and disparate thickness, ranging from 50 to 200 nm, after treatment with 10 

mg/mL PEABr. Figure 4.12b illustrates that the ion exchange of PEABr and FA0.9Cs0.1PbI3 results in 

the formation of several layers of 2D perovskite n = 2 on the surface first. Then, these layers 

subsequently stack on top of each other along with multiple layers of 2D perovskite n = 1 and n = 2. 

As depicted in Figure 4.12c, the 2D perovskite can be observed not only on the surface of 3D grains 

but also within the bulk phase of 3D grains, following the direction of 2D growth. The rapid ion 

exchange results in the formation of numerous 2D perovskites with diverse orientations on the surface 

of the 3D grain. These 2D perovskites intersect with each other, hindering their expansion in the present 

direction (Figure 4.12d). Thus, this approach may not be effective in producing 2D perovskite layers 

with uniform thickness and orientation, resulting in insufficient covering of 3D grains. 
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Figure 4.12 HAADF-STEM image of (a-d) FA0.9Cs0.1PbI3 PSC treated with 10 mg/mL PEABr. 

 

4.5 Conclusions 
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In this study, we explored the impact of different halide ions and treatments on the structural and 

optoelectronic properties of 2D/3D perovskite heterojunctions. By incorporating FACl into PEAI 

solutions, we observed a significant improvement in the uniformity and coverage of 2D perovskite 

layers over 3D perovskite grains. This adjustment led to enhanced device performance, as evidenced 

by increased VOC and overall efficiency. The use of FA0.9Cs0.1PbBr₃ with PEAI demonstrated that 

bromide-containing perovskites possess larger grain sizes, providing a promising avenue for stable 

optoelectronic applications. However, uneven 2D layer formation remained a challenge. Substituting 

PEAI with PEABr highlighted the potential of Br⁻ ions to influence ion exchange processes, resulting 

in diverse 2D perovskite orientations but also presenting challenges in achieving uniform coverage. 

Overall, this research underscores the importance of halide ion selection and treatment conditions in 

tailoring the microstructure and enhancing the performance of perovskite-based devices, paving the 

way for more durable and efficient photovoltaic applications.
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Chapter 5 Synthesis of Lattice-Resolved Laminate-Structured 

Perovskite Heterointerface 

5.1  Introduction 

PSCs have emerged as a future photovoltaic (PV) technology due to their potential for combining 

very low cost and minimal carbon footprint in industrial manufacturing3,180,181. According to the 

sequence of depositing the device layers, PSCs are categorized into two types, regular (n-i-p) and 

inverted (p-i-n) PSCs. While significant advancements have been made in both types, regular PSCs 

have faced greater challenges regarding stability in real-world applications, primarily to the use of the 

lithium-doped Spiro-OMeTAD as the HTL. Consequently, inverted PSCs have garnered substantial 

attention in recent years and have achieved the highest PCEs12,182. In state-of-the-art inverted PSCs, 

self-assembled monolayers are used as the HTLs on the p side, creating intimate interfacial contacts 

and passivation, which result in superior PCEs and stability compared to regular PSCs. However, in 

inverted devices, the perovskite heterointerface on the n side remains relatively less ideal because of 

the limited molecular interaction of the fullerene-based ETL with the perovskite top surface183-185. In 

this regard, 2D perovskites or their relevant organic molecules have been incorporated as a type of 

effective top-surface passivators that can not only reduce the non-radiative recombination centers but 

also serve as a structurally capping layer to protect the film from environmental influences such as 

moisture ingression19-22,185. Numerous efforts have been made to tailor the molecular structures of 2D 

perovskite passivators with various organic cations, which have proven useful in achieving improved 

PCEs and stabilities in PSCs186-188. However, to date, detailed investigations into the heterointerface 

microstructures of 2D perovskite passivators remain rare, which may unlock new opportunities 
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bringing up the level of device performance as well as contributing to revealing the passivation 

mechanisms. 

In this work, by leveraging the lattice-resolved analysis capability of STEM, we observed 

nontrivial microstructural and phase heterogeneities in the 2D surface passivation layer deposited 

using the conventional method, featuring a discontinuous capping-layer microstructure and a random 

mixing of 2D perovskite phases with different octahedral-layer numbers (n = 2-5). We attributed this 

phenomenon to the uncontrolled interfacial reaction of the used 2D molecular salts with the 3D 

perovskite top surface, which also resulted in a detrimental morphological etching of grain boundaries 

due to their relatively high chemical reactivity. To mitigate these microstructural demerits, we 

demonstrated an unconventional route of surface passivation, in which the reaction of 2D molecular 

salts with 3D perovskite top surface is mediated via a “molecular sieve” layer of [6,6]-phenyl-C61-

butyric acid methyl ester (PCBM). This route creates a laminate-structured surface (LSS) successively 

stacked by a 2D molecule layer, a PBCM interlayer, and a 2D perovskite layer of only n = 1 and 2 

phases. The resultant LSS-based inverted PSCs show PCEs up to 26%, together with highly improved 

damp-heat and operational stabilities. Importantly, based on further STEM studies, we found LSS 

microstructure and phase have been well retained in the aged PSCs even after long-term stability tests, 

which can be attributed to the ion-blocking effects of the PCBM interlayer. This contrasts with the 

substantial microstructure and phase changes seen in control devices. This contrasts with the 

substantial microstructure and phase changes seen in control devices. This work highlights the 

importance of synthesizing uniform, stable passivator microstructures for perovskite photovoltaics and 

beyond.  
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5.2  Synthesis and lattice-resolved STEM analysis 

For synthesizing the LSS sample, we first spin-coated an ultrathin interlayer of PCBM molecules 

(5 mg/mL solution in chlorobenzene (CB)) onto the surface of 3D FA0.9Cs0.1PbI3 perovskite thin film 

and then spin-coated a 2D molecular salt-PEAI based solution in isopropanol (IPA; 10 mg/mL), 

followed by a mild thermal annealing at 100 oC. As schematically illustrated in Figure 5.1, the 

sandwiched, ultrathin PCBM interlayer serves as an inert molecular sieve, which allows controlled ion 

penetration and exchange between the 3D perovskite and top surface sides. The PCBM-mediated 

interfacial reaction exhibits a much reduced rate and enables the formation of the uniform LSS 

microstructure. We also prepared a control PEAI-treated film sample without the involvement of the 

PCBM interlayer. We first compared the surface morphologies of the LSS and control samples using 

SEM. As seen in Figure 5.2, when a PCBM interlayer is applied, the perovskite film after the PEAI 

deposition exhibits a uniform contrast in SEM, indicating a uniform 2D perovskite coverage that 

preserves the original 3D perovskite topography (Figure 5.2a, b). In contrast, the control sample 

exhibits an irregular distribution of 2D perovskite phases (Figure 5.2c, d).  

 

Figure 5.1 Schematic illustration of 2D perovskite growth and distribution of LSS sample. 
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Figure 5.2 SEM images of FA0.9Cs0.1PbI3 treated with PEAI with and without 5 mg/mL PCBM 

interlayer. (a), (c), SEM images of FA0.9Cs0.1PbI3 treated with 10 mg/mL PEAI in IPA solution with 

and without 5 mg/mL PCBM interlayer. (b), (d), Magnified SEM images of the selected area as marked 

by the orange square in (a) and (c). Scale bar, 1 μm.  

To gain an in-depth understanding of the perovskite heterointerface, we employed low-dose STEM 

to study the film cross-sectional microstructures. The capability of cross-sectional STEM observations 

to acquire lattice-resolved interface microstructural information has been demonstrated by several 

research works20,23,189-191. Figure 5.3a-b show the lower-magnification STEM images of both LSS and 

control films, acquired in high-angle annular dark field (HAADF) mode. Figure 5.3a reveals that the 

LSS sample maintains an intact surface of 3D perovskite grains compared with the control sample 

under the same PEAI treatment condition. The PCBM interlayer (the dark contrast sandwiched layer) 
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has a characteristic thickness of  ~10 nm measured from the HAADF-STEM image, on top of which 

is a continuous, uniform layer of 2D perovskite (~10 nm, typically 5-15 nm thick). In contrast, as seen 

in Figure 5.3b, in the control film, the 3D perovskite grains do not maintain their original surface 

microstructure after the PEAI treatment. A discontinuous layer consisting of randomly distributed 2D 

perovskite crystals is formed on top of the 3D perovskite grains. The thickness of this layer can vary 

widely from 15 to 50 nm, and there is partial deterioration of the original 3D perovskite grain surfaces 

(Figure 5.3b). This surface irregularity is attributed to the uneven and vigorous cation-exchange 

reaction between the 3D perovskite surface and the 2D organic spacer cation PEA+. Notably, an 

increase in the PEAI concentration leads to a rise in the thickness and coverage of the 2D perovskite, 

and the surface deterioration becomes more evident when the PEAI concentration is increased to 15 

mg/mL (Figure 5.4 and Figure 5.5). Even when the PEAI is diluted to 3 or 5 mg/mL, the formation of 

2D perovskite will lead to evident erosion of the 3D grain surface (Figure 5.6). However, in the LSS 

sample, the ultrathin PCBM interlayer is formed with closely packed molecules, inherently containing 

nanochannels that allow a steady interlayer transport of PEA+ and FA+/Cs+/I- upon thermal annealing. 

This slows down the reaction process. What is also important is that the chemically inert PCBM 

interlayer geometrically constrains the growth of as-formed 2D perovskite and molecular passivation 

layers. These factors contribute to the lateral homogeneity of the reaction front, which is essential to 

the control over the interfacial morphologies and the minimized impact on the 3D perovskite grain 

surface microstructure (Figure 5.7).  
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Figure 5.3 HAADF-STEM images of the (a) LSS sample and (b) control sample. 

 

 

Figure 5.4 SEM images of FA0.9Cs0.1PbI3 treated with concentrations of (a-f) 0,1,3,5,10,15 mg/mL 

PEAI in IPA solution. 
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Figure 5.5 HAADF-STEM images of 3D FA0.9Cs0.1PbI3 films treated with concentrations of (a-f) 

0,1,3,5,10,15 mg/mL PEAI in IPA solution.  



77 

THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 5  

   

 

 

Figure 5.6 The morphology of 2D perovskite layers on 3D perovskite films prepared using dilute PEAI 

solutions and without the PCBM interlayer. (a), (b), SEM and cross-sectional STEM-HAADF image 

of the 2D perovskite layer (on top of the 3D perovskite film) prepared using 3 mg/mL PEAI, 

respectively. (c), (d), Top-view SEM and cross-sectional STEM-HAADF image of the 2D perovskite 

layer (on top of the 3D perovskite film) prepared using 5 mg/mL PEAI, respectively. 
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Figure 5.7 SEM images of FA0.9Cs0.1PbI3 with concentrations of (a-f) 0,1,2,3,5,10 mg/mL PCBM 

interlayer and treated with 10 mg/mL PEAI in IPA solution. 

 

To confirm the ion exchange through the ultrathin PCBM interlayer, we prepared another LSS 

sample by applying the same PCBM and PEAI treatments to a 3D FA0.9Cs0.1PbBr3 perovskite film to 

track the transport of interfacial halide anions. The use of bromide instead of an iodide sample can 

facilitate the differentiation of halide anions supplied by the PEAI or the surface region of 3D 

perovskite grains in this reaction process. Using the STEM EELS analysis, we observed a co-existence 

of I- and Br- on the 3D grain surface and 2D capping layer, confirming the ion exchange between the 

PEAI salt and 3D grain surface through the PCBM molecular sieve (Figure 5.8). To examine the 

distribution of the PEA+ within the LSS structure, the energy-loss near-edge structures (ELNES) of the 

nitrogen (N) K-edge was analyzed (Figure 5.9). ELNES in EELS enables atomic-scale fingerprinting 

of chemical bonding states, local coordination environments, and electronic structure characteristics 
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through the fine oscillatory features within 50 eV of elemental ionization edges. The distinct electronic 

signatures of FA containing both C-N σ (binding energy 285.3 eV) and π* (286.7 eV) bonds, versus 

PEA with only σ bonding, enable their spatial distribution mapping within the LSS structure through 

energy-filtered ELNES analysis of the N-K edge (energy window 395-435 eV) with 0.38 eV spectral 

resolution. Within the 2D perovskite layer and the PCBM interlayer (regions I-IV in Figure 5.8b), the 

N K-edge structure features a main peak at 408.5 eV and a small pre-peak at 400.5 eV, consistent with 

the dominant C-N σ bond characteristics (π bond at around 400 eV, σ bond at around 408 eV) and 

confirms the presence of PEA+ (Figure 5.9c)192. Additionally, the increased N K-edge signal intensity 

beneath the PCBM interlayer (region IV in Figure 5.9b) indicates a concentration of PEA+ on the 

surface of the 3D grains. This concentration of PEA+ on the 3D grain surface is evident in various LSS 

regions (Figure 5.10). As a result, 2D monolayers can be found on the 3D grain surface (Figure 5.11), 

suggesting the residual PEA+ tends to form a 2D molecule passivator covering the 3D grains. 
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Figure 5.8 EELS STEM analysis. (a), (b), HAADF-STEM images of FA0.9Cs0.1PbBr3 PSCs with 10 

mg/mL PCBM interlayer and treated with 10 mg/mL PEAI in IPA solution. Green rectangle area in (b) 

is the survey region of EELS edge signal of I(M4,5) and blue rectangle area in (b) is the survey region 

of EELS edge signal of Br(L2,3). (c), (d), Corresponding EELS mapping images of iodine signal and 
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bromine signal. (e), (f), Line profile of the signal intensity marked by yellow orange arrows in (c) and 

(d). 

 

 

Figure 5.9 (a), PEA+ only contains C-N σ bond, while FA+ contains both C-N σ bond and π bond. (b), 

N K-edge was signal extracted from regions I-V of the LSS structure. (c), Non-normalized N K-edge 

profiles of regions I-V in (b), demonstrating evident σ bond dominant (PEA+) characteristics in regions 

I-IV and π bond characteristics (FA+) in region V. The N K-edge signal intensity in Region IV is higher 

than in Region I-III. Region I-V successively refer to the 2D perovskite layer, the top region of the 

PCBM interlayer, the middle region of the PCBM interlayer, the PCBM/3D perovskite interfacial 

region, and the 3D perovskite film bulk region. 
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Figure 5.10 EELS ELNES analysis of the LSS structure. (a), (c), N K-edge signal extracted from 

regions I-V of two different regions of the LSS structure. (b), (d), Non-normalized N K-edge profiles 

of regions I-V in a, c, respectively, demonstrating clear σ bond dominant (PEA+) characteristics in 

regions I-IV and π bond characteristics (FA+) in region V.  
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Figure 5.11 2D perovskite monolayers on 3D perovskite grains. (a), (b), HAADF-STEM images of 

FA0.9Cs0.1PbI3 PSCs with 2 and 10 mg/mL PCBM interlayer and both treated with 10 mg/mL PEAI in 

IPA solution. (c), (d), Line profiles of the row of signal intensity marked by yellow arrows in (a) and 

(b).    

Based on this mechanism, we found that the thickness of the PCBM interlayer significantly affects 

the microstructure and phase of the 2D perovskite capping layer. We prepared PCBM interlayers of 

varying thicknesses from 0 to 60 nm by spin-coating a PCBM solution with concentrations of 1, 2, 3, 
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5, and 10 mg/mL. The 2D perovskite capping layer tends to be smoother and more continuous with an 

increase of the PCBM thickness, as shown in Figure 5.12. However, once the concentration of PCBM 

reaches 10 mg/mL, the interlayer can get as thick as 60 nm. The thick PCBM interlayer causes 

difficulties with ion exchange, inhibits the 2D layer from remaining continuous, and drastically reduces 

its thickness. The dependence of the PCBM interlayer thickness on the interfacial reaction kinetics is 

consistent with our earlier proposed PCBM-mediation mechanisms.  

 

Figure 5.12 HAADF-STEM images of FA0.9Cs0.1PbI3 films with different concentration of PCBM 

interlayer and treated with 10 mg/mL PEAI. HAADF-STEM images of samples with concentrations 

of (a-f) 0,1,2,3,5,10 mg/mL PCBM interlayer and treated with 10 mg/mL PEAI in IPA solution.  
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The n-value distribution and orientation of 2D perovskites, which are significant for managing 

band gaps and transporting carriers, are subjects that are under more research. For the control samples 

without interlayer, as the magnified HAADF-STEM image of the chosen area in Figure 5.3b, Figure 

5.13a shows multiple layers of 2D perovskite with varying thickness are formed on top of the visibly 

rough 3D grain surface. Figure 5.13b is an enlarged image with the direction and region indicated by 

the arrow in Figure 5.10a, and Figure 13c shows the signal intensity line profile of Figure 5.13a. The 

2D perovskite structure in Figure 5.13b is well-correlated with the layer distance measured in Figure 

5.13c. The line profile study reveals that in the control sample, the n-value arrangement of 2D 

perovskites is disorderly, with n = 2 (d = 2.20 nm) being the primary component, as well as 2D 

perovskites with n = 3 (d = 2.94 nm) and n = 5 (d = 4.18 nm). In addition, we also noticed that control 

samples have 2D perovskite with varied orientations while having the same n value on flat 3D grain 

surfaces (Figure 5.14), whereas 2D perovskites with a high n value doped with a low n value are 

commonly found at undulating grain boundaries (Figure 5.15 and Figure 5.16). This should be 

attributed to the rapid formation of 2D perovskite during the contact between PEAI solution and the 

3D grain surface. The interaction between PEA+ and the remaining PbI2 (Figure 5.17) as well as the 

considerable amount of free FA+/Cs+/I- (Figure 5.18) on the 3D grain surface increases the possibility 

that some 2D perovskite with an uneven n value may not develop in a surface-parallel orientation and 

cause more damage on 3D grains (Figure 5.19).  
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Figure 5.13 (a), (b), Magnified HAADF-STEM images of the control sample. (c), Signal intensity line 

profile of the row marked in (a). 
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Figure 5.14 2D perovskite with varied orientations in the control sample. HAADF-STEM image of 

the control sample, treated with 10 mg/mL PEAI. Area 1 and area 2 Fast Fourier transform (FFT) 

shows the 2D n = 2 perovskite on 3D perovskite surface have different orientation. 

 

 

Figure 5.15 The n-value arrangement of 2D perovskite in control sample. HAADF-STEM image and 

corresponding line profile of red arrow area in left image of control sample, treated with 10 mg/mL 

PEAI.  
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Figure 5.16 2D perovskites distribution on 3D perovskite grains surface and grain boundaries in 

control sample. (a), HAADF-STEM image of the control sample, treated with 5 mg/mL PEAI. (b), (c), 

Magnified HAADF-STEM images of the selected area in (a). (d), (e), Corresponding line profiles of 

the row of signal intensity marked by yellow arrows in (b) and (c).  
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Figure 5.17 The remaining PbI2 in 3D perovskite of control device. HAADF-STEM image of the 

control sample, treated with 10 mg/mL PEAI. (a), PbI2 in 3D perovskite grains. (b), Magnification 

image of selected area in (a). 
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Figure 5.18 FA+/Cs+/I- lost on the 3D perovskite surface in control sample. Cross-sectional STEM 

image of 3D-2D device, treated with 10 mg/mL PEAI. (a), HAADF-STEM image of 3D perovskite 

grains. (b), Magnification image of selected area in (a). (c), Atomic-resolution integrated differential 

phase contrast (iDPC)-STEM image of area in (a). After PEAI solution treatment, some of the 

FA+/Cs+/I- will be lost on the surface of 3D grains. 

 

Figure 5.19 2D perovskites parallel and non-parallel to 3D grain surfaces in control sample. HAADF-

STEM images of the control device, treated with 10 mg/mL PEAI. (a), Horizontal and non-horizontal 

2D perovskites simultaneously grow on the surface of 3D grains. (b), High-resolution image of non-

horizontal 2D perovskite. (c), FFT of selected area in (b). 

When it comes to the LSS sample, a magnified image of the region in Figure 5.3a can be found in 

Figure 5.20a. Spinning the PEAI solution on the interlayer instead of directly on the 3D grains results 

in an ultra-thin 2D perovskite layer, like the two layers of n = 2 2D perovskite seen in Figure 20b and 

Figure 5.20c, which are enlarged images of the arrowed region in Figure 5.20a and its corresponding 

intensity line profile. Due to the protective effect of PCBM, PEA+ struggles to bind enough A-site ions 
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and [PbI4]
2- in LSS samples, making it difficult for 2D perovskites with n > 2 to crystallize. 

Furthermore, the generation of high n-value 2D perovskite becomes increasingly challenging as the 

distance from the 3D grain surface increases. This allows 2D perovskite in LSS to be arranged from n 

= 2 to n = 1 (Figure 5.21), which is helpful to enhance carrier transport efficiency in p-i-n devices20,22. 

Additionally, the fraction of PbI2 in 3D perovskite may also influence the n phases of 2D perovskite in 

the LSS sample. As shown in Figure 5.22, a deficiency of PbI2 may hinder the formation of the n = 1 

phase 2D perovskite, whereas the proportion of the n = 1 phase tends to increase with excess PbI2 

(Figure 5.22a, b). STEM observations also show more n = 1 phase 2D perovskite in the LSS sample 

prepared with (FAI)0.9(CsI)0.1(PbI2)1.15 3D perovskite (Figure 5.22f). 

 

 

Figure 5.20 (a), (b), Magnified HAADF-STEM images of the LSS sample. (c), Signal intensity line 

profile of the row marked in (a). 
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Figure 5.21 The n-value arrangement of 2D perovskite in LSS sample. HAADF-STEM image (left) 

and line profile image (right) of yellow arrow area in the LSS device (with 5 mg/mL PCBM interlayer), 

treated with 10 mg/mL PEAI. 
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Figure 5.22 The LSS samples prepared on the 3D perovskite with different [PbI2] fractions. (a), (b), 

XRD results of 3D perovskites with different PbI2 fraction ((FAI)0.9(CsI)0.1(PbI2)0.85, 

(FAI)0.9(CsI)0.1(PbI2)1 and (FAI)0.9(CsI)0.1(PbI2)1.15) and corresponding LSS samples prepared by 3D 

perovskites, respectively. (c), STEM-HAADF image of the LSS-0.85PbI2 sample. (d), Magnified 

image of the squared region in c shows the n = 2 phase 2D perovskite. (e), STEM-HAADF image of 

the LSS-1.15PbI2 sample. (f), Magnified image of the squared region in e shows the 2D perovskite 

with n = 1 and n = 2 phases.  
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5.3 4D STEM of near-surface grain boundaries 

The interaction between the PEAI salt and 3D perovskite may also influence the integrity of near-

surface grain boundaries (GBs), which are critical to the performance of resultant PSC devices182,193-

197. As conventional STEM imaging falls short of revealing the underlying crystalline structure, we 

employ a combination of four-dimensional STEM (4D-STEM) and nano-beam electron diffraction 

(NBED) techniques198-201 to probe the microstructure and lattice orientation distributions in both the 

control and LSS samples. In the control film without the ultrathin PCBM interlayer, HAADF-STEM 

identifies a dark-contrast region beneath the 3D grain surface (Figure 5.23a), which is determined as 

n = 2 2D perovskite by the corresponding NBED pattern (Figure 5.23a1), nearly perpendicular to the 

2D perovskite above the 3D grain (Figure 5.23a2). The NBED patterns of the 3D grains (Figure 5.23a3 

and Figure 5.23a4) demonstrate a typical orthogonal structure (space group Pbnm, a = 0.8646 nm, b = 

0.8818 nm, c = 1.2520 nm), with the left and right segments exhibiting different orientations. To 

accurately represent the deformation of 3D grains, a virtual dark-field (DF) STEM image was 

reconstructed from the 4D diffraction dataset, as presented in Figure 5.23b and Figure 5.24. This image 

clearly shows that the grain boundary and adjacent regions of the 3D grains are significantly eroded 

by the 2D perovskite growing parallel to the grain boundary. In contrast, when it comes to the LSS 

sample, the HAADF-STEM image displays a distinct separation between the 3D grains and 2D 

perovskite by a thin PCBM interlayer (Figure 5.23c). The NBED pattern of the 2D perovskite, as 

depicted in NBED Figure 5.23c1, indicates that the orientation of the 2D perovskite layer is 

approximately parallel to the surface of the 3D grains. Within this context, three distinct 3D perovskite 

grains, each with a unique orientation, are discernible from the 4D diffraction dataset (NBED Figure 

5.23c2-c4 and Figure 5.25). The reconstructed DF-STEM image (Figure 5.23d) confirms that the 
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surfaces and grain boundaries of the 3D grains are well-preserved, with no evidence of GB etching by 

the 2D perovskite, underscoring the protective role of the PCBM interlayer. 

 

Figure 5.23 Near-surface grain boundary microstructures. (a), HAADF-STEM image of 3D-2D device. 

(a1)-(a4), The NBED images of the corresponding region on the control device. The scale bar is 5 nm-

1. (b), Virtual DF-STEM image reconstructed from NBED signals of (a3) and (a4). (c), HAADF-STEM 

image of the LSS sample. (c1)-(c4), The NBED images of the corresponding region on the LSS sample. 

The scale bar is 5 nm-1. (d), Virtual DF-STEM image reconstructed from NBED signals of (c2), (c3) 

and (c4). 
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Figure 5.24 Dark-field STEM images reconstructed from selected nano-beam diffraction signal of 3D-

2D sample.  

 

 

Figure 5.25 Dark-field STEM images reconstructed from selected nano-beam diffraction signal of the 

LSS sample.  
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5.4 Optoelectronic properties and chemical stability 

We further performed X-ray diffraction (XRD) on the LSS and control films. In both cases, the 

passivation does not notably change the crystallinity and grain orientation of the pristine 3D perovskite 

films (Figure 5.26). Nevertheless, the use of the PCBM interlayer has a significant influence on the 

overall phase distribution and orientation of the as-formed 2D perovskite capping layer, as evidenced 

by the grazing-incidence wide-angle X-ray diffraction (GIWAXS) results shown in Figure 5.27a. 

Moreover, we did not observe any change in the bandgap (Eg) of the underlying 3D perovskite 

according to the normalized photoluminescence (PL) spectra (Figure 5.27b), further attesting to the 

preservation of bulk 3D perovskite phase in both LSS and control films. Interestingly, the PL spectra 

of the LSS sample show dominant emission peaks corresponding to n = 1 and 2, whereas PL emissions 

associated with a higher dimensionality of n ≥ 3 phases become more pronounced in the control sample 

(Figure 5.27b), in accordance with the STEM observation. Herein, we elaborate in detail on the XRD 

and PL results shown in Figure 5.27. As seen in Figure 5.27a, in the LSS sample, both the n = 1 and n 

= 2 phases show notable XRD diffraction peaks. In Fig. 3b, the LSS sample mainly shows PL emission 

peaks for the n = 1 and n = 2 phases. These results are fully consistent with our STEM observations 

(Figure 5.20 and Figure 5.21). However, in the control sample, the characteristic diffraction peak of 

the n =2 phase dominates, while only a trace amount of diffraction appears for the n = 1 phase. 

Interestingly, the PL spectrum of the control sample shows remarkable emission peaks for the n = 1, 2, 

3, and 4 phases. This is probably because the contained n =1, 3, and 4 phases in the control sample are 

nanoconfined in the dominating n =2 phase (Figure 5.13 and Figure 5.16), which makes them 

undetectable by XRD and still prominent in PL emission. In the LSS sample, the microstructure of the 

2D layer is much more ordered, with mostly the octahedral layer stacked perpendicular to the film 

plane, according to the STEM observations (Figure 5.12). Therefore, the n = 1 phase remains visible 

in the XRD pattern of the LSS sample.  
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More importantly, the 2D perovskite (n = 1 and 2) capping layer formed uniformly on top of 3D 

perovskite surfaces in the LSS samples, as shown in the PL images in Figure 5.27c, indicating that the 

PCBM interlayer can induce uniform growth and distribution of 2D perovskites. We further monitored 

the PL emission centered at the 3D peak (~780 nm). We observed a uniform emission over a large area 

of 15 µm by 15 µm from the underlying 3D perovskite layer, confirming uniform 2D passivation for 

3D perovskite films with the PCBM interlayer. Then, we employed steady-state and time-resolved PL 

spectra to investigate the effects of the PCBM interlayer on carrier dynamics at the perovskite 

heterointerface (Figure 5.27d-g). The detailed fitting parameters of our PL results are summarized in 

Table 5.1. The LSS and control samples were deposited on glass substrates. When the laser is incident 

from the glass side (bottom direction), the control sample exhibits stronger PL emission with a longer 

decay lifetime than pristine 3D perovskite films because of the suppression of nonradiative 

recombination associated with trap states at the surface (Figure 5.27d). After incorporating the PCBM 

interlayer, the LSS sample shows much stronger PL emission and further increases the average PL 

lifetime from 427 ns (control sample) to 925 ns (Figure 5.27f), indicating that the unique laminate 

structure can further enhance the optoelectronic quality of 3D perovskite films. Interestingly, when the 

laser is incident from the perovskite side (top direction), a more effective PL quenching occurs in the 

LSS films compared to pristine 3D and control samples (Figure 5.27e and Figure 5.27g). Such 

quenching is due to charge extraction at the 3D-2D interface, suggesting that the PCBM interlayer 

could help achieve better charge separation. The average carrier lifetime of LSS films is nearly 

threefold shorter than control films.  

The quantum tunneling effect, a unique phenomenon in quantum mechanics, describes the process 

where microscopic particles (such as electrons) probabilistically penetrate potential energy barriers 

deemed insurmountable in classical physics. In our LSS samples, although the 2D perovskite 

alignment parallels 3D perovskite grains, the precisely controlled ultrathin architecture maintains 

electron transport efficiency through optimized quantum confinement engineering. The PCBM 
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interlayer enabled uniform 2D perovskite (n = 1-2) capping on 3D surfaces, evidenced by large-area 

PL uniformity (15×15 μm²) and prolonged carrier lifetimes (925 ns vs. control's 427 ns). Top-side 

illumination revealed enhanced interfacial charge extraction in LSS films, exhibiting threefold faster 

PL quenching versus controls, confirming optimized 3D-2D heterojunction charge separation 

dynamics. 

 

 

Figure 5.26 XRD patterns of the neat 3D, control, and LSS films. 
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Figure 5.27 Optoelectronic properties and stability of perovskite films. (a), XRD patterns of pristine 

3D, control, and LSS films. (b), Normalized PL spectra of pristine 3D, control, and LSS films. (c), PL 

images of control and LSS films at wavelength ~510 nm, ~570 nm, and ~780 nm correspond to n = 1 

and 2 layers and 3D layers, respectively. The scale bar is 1 µm. Steady-state PL spectra of pristine 3D, 

control, and LSS films deposited on bare glass with excitation from glass (d) and perovskite (e) sides. 

Time-resolved PL spectra of pristine 3D, control, and LSS films deposited on bare glass with excitation 

from glass (f) and perovskite (g) sides. The solid lines in (f), (g) are the corresponding fit curves for 

the PL decays of LSS, control, and pristine 3D perovskite samples. (h), Evolution of 2D peak and 3D 

bandgap of control and LSS films by tracking UV-vis spectra under RH of 40%. (LSS: 3D perovskite 

sample with the PCBM-mediated 2D surface passivation treatment; Control: 3D perovskite sample 

with conventional 2D surface passivation treatment; Pristine 3D: 3D perovskite sample with no 2D 

surface passivation treatment.) 
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Table 5.1 Summaries of fitting parameters in TRPL spectra for different samples under different 

detection directions. 

 Samples A1 τ1 (ns) A2 τ2 ((ns) τave (ns) 

Bottom 

LSS 0.71 64 0.29 1053 925 

Control 0.74 65 0.26 549 427 

Pure 3D 0.57 43 0.43 280 239 

Top 

LSS 0.40 6 0.60 131 127 

Control 0.70 31 0.30 372 316 

Pure 3D 0.52 67 0.48 416 364 

 

The stability of LSS and control films was subsequently explored in a relative humidity (RH) of 

75 ± 10%. To quantify the film degradation, we recorded the normalized absorbance decay of the 2D 

peak at ~560 nm corresponding to n = 2 and the bandgap evolution of the 3D perovskite for both the 

control and LSS samples during the aging test (Figure 5.28). As shown in Figure 5.27h, the control 

films exhibited gradual decreases in both the intensity of the 2D peak and the bandgap of the 3D 

perovskite after 55 days, indicating further interaction between the 2D and 3D structures during 

humidity aging. In contrast, the LSS films retained their integrity, with no degradation of their 2D and 

3D structures, demonstrating outstanding chemical stability with improved resistance to water invasion. 

The stability of 3D-2D perovskite films with or without the PCBM interlayer was subsequently 

explored in a relative humidity (RH) of 75 ± 10%. To quantify the film degradation, we recorded the 

normalized absorbance decay of the 2D peak at ~560 nm corresponding to n = 2 and the bandgap 

evolution of 3D perovskite for both the control and LSS samples during the aging test (Figure 5.28)22. 

As shown in Figure 5.27h, the control samples exhibited gradual decreases in both the intensity of the 
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2D peak and the bandgap of the 3D perovskite after 55 days, indicating further interaction between the 

2D and 3D structures during humidity aging. In contrast, the LSS samples retained their integrity, with 

no destruction of their 2D and 3D structures, demonstrating outstanding protection from water invasion. 

 

 

Figure 5.28 Humidity stability of different films. UV-vis spectra of control (a) and LSS (b) films 

exposed under RH of 75 ± 10% for 55 days. The insets show the evolution of the 3D bandgap during 

the aging time. 

 

5.5  Photovoltaic performance and device stability 

 

We evaluated the effects of laminate-structured perovskite heterointerface on the photovoltaic 

performance of inverted PSCs with the configuration of FTO/MeO-2PACz/3D-PCBM-2D/C60/BCP 

(bathocuproine)/Ag (Figure 5.29a), where the perovskite film with the composition of 

Cs0.05(MA0.05FA0.95)0.95Pb(I0.95Br0.05)3 was used as the active layer of PSCs (CsFAMA, bandgap of 1.57 

eV, Figure 5.30). The effects of the concentrations of the PCBM and PEAI on photovoltaic performance 

were systematically studied, and the optimal concentration for both PEAI and PCBM was 5 mg ml-1 

(Figure 5.31, Table 5.2, Table 5.3).  
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Concentration optimization of PEAI and PCBM for perovskite photovoltaic performance. We first 

optimized the PEAI concentrations for an ideal 3D-2D (control) PSC. Exemplified by a set of data 

(Figure 5.31a), upon increasing the PEAI concentrations (CPEAI, mg/mL) in the anti-solvent of 

isopropanol, the PCE first augmented and subsequently decreased with a peak at CPEAI = 5 (See detailed 

photovoltaic parameters in Table 5.2). Upon increasing the CPEAI from 0 to 5, all photovoltaic parameters 

have been improved, where the PCE raised from 19.46 to 24.07, the VOC from 1.100 V to 1.178 V, the 

JSC from 23.40 mA/cm2 to 24.34 mA/cm2, and the FF from 75.62% to 83.98%. Then, we proceeded to 

optimize the PCBM concentrations for high efficient LSS PSCs. With the increase of PCBM 

concentrations (CPCBM, mg/ml) in chlorobenzene from 0 to 5, the PCE increased from 23.71% to 25.25% 

(Exemplified by a set of data, Figure 5.31b), the VOC from 1.176 V to 1.205 V, the JSC from 24.02 mA/cm2 

to 24.80 mA/cm2, and the FF from 82.79% to 84.48%. Upon further increasing the CPCBM, all 

photovoltaic parameters exhibited successive decreases (Table 5.3). These results suggest that the 

optimal concentration of PCBM is 5 mg/ml.  

  

 

Figure 5.29 (a), Schematic illustration of device configuration for LSS-based inverted PSCs. (b), J-V 

curves of the best-performing pristine-3D, control, and LSS PSCs (at both reverse and forward scans). 

(c), Energy level scheme for pristine-3D, control, and LSS PSCs extracted from UPS data ([2-(3,6-

Dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid, MeO-2PACz; bathocuproine, BCP). 
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Figure 5.30 UV-vis absorption spectra of pristine-3D, control, and LSS films with the 3D perovskite 

composition of Cs0.05(MA0.05FA0.95)0.95Pb(I0.95Br0.05)3.  

 

 

Figure 5.31 Concentration optimization of PEAI and PCBM for p-i-n PSCs. J-V curves of 3D-2D 

PSCs with different concentrations of PEAI (a) and PCBM (b). The pure 3D device is used as a 

reference. 
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Table 5.2  The photovoltaic parameters of 3D n-i-p devices with different concentrations of PEAI 

under reverse scanning. 

PEAI concentrations VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

3D (0 mg/ml) 1.100 23.40 75.62 19.46 

3D-2D (1mg/ml) 1.126 23.67 80.60 21.49 

3D-2D (2 mg/ml) 1.151 24.28 81.04 22.65 

3D-2D (3 mg/ml) 1.169 24.32 82.57 23.47 

3D-2D (5 mg/ml) 1.178 24.34 83.98 24.07 

3D-2D (8 mg/ml) 1.170 24.09 82.94 23.38 

3D-2D (10 mg/ml) 1.143 23.72 80.39 21.80 

 

Table 5.3 The photovoltaic parameters of 3D-2D n-i-p devices with different concentrations of 

PCBM under reverse scanning. 

 

PCBM concentrations VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

3D-2D (0 mg/ml) 1.176 24.02 82.79 23.39 

3D-PCBM-2D (1mg/ml) 1.176 24.33 82.86 23.71 

3D-PCBM-2D (3 mg/ml) 1.194 24.64 83.66 24.61 

3D-PCBM-2D (5 mg/ml) 1.205 24.80  84.48 25.25 

3D-PCBM-2D (8 mg/ml) 1.185 24.46 83.51 24.21 

3D-PCBM-2D (10 mg/ml) 1.145 23.63 80.91 21.89 
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As shown in current density-voltage (J-V) curves in Figure 5.29b, the champion control devices 

exhibited a decent PCE of 24.42% under reverse scanning, higher than that of pristine 3D devices 

(without 2D surface treatment, 20.30%) owing to the general passivation effect of 2D perovskite117,202-

206, whereas the champion efficiency of the LSS-based devices is further increased up to 25.97%, 

ascribed to the enhancement of all photovoltaic parameters with open-circuit voltage (VOC) from 1.179 V 

to 1.206 V, short-circuit current density (JSC) from 24.57 mA/cm2 to 25.02 mA/cm2, and fill factor (FF) 

from 84.31% to 86.08%. More importantly, the LSS devices exhibited a negligible hysteresis (hysteresis 

index (HI), 0.81%) when measured in both reverse and forward scanning (Table 5.4), which is 

significantly smaller than that of the pristine 3D (6.75%) and control (3.40%) devices. Further hysteresis 

analyses of J-V curves for different PSCs are provided in Figure 5.32 and summarized in next part. 

Additionally, the resultant LSS-based devices exhibit a better reproducibility compared with those of the 

3D and control devices, as indicated by the statistics of 50 individual devices under each condition in 

Figure 5.33. The average PCEs rise increasingly from 17.27% for 3D to 22.98% for control, and to 24.69% 

for LSS, attributed to enhancements in all photovoltaic parameters. 

Hysteresis analyses of J-V curves for different p-i-n PSCs. To verify the effect of PCBM interlayer 

on the J-V hysteresis of p-i-n devices, we tested a series of devices with different PCBM concentrations, 

and obtained corresponding J-V curves under forward and reverse scanning (FS and RS, Figure 5.32a-

g). The PCEs of different devices in FS and RS are as follows: 18.63% and 16.73% for pure 3D, 23.71% 

and 21.90% for control, 24.07% and 22.99% for LSS (1 mg/ml), 23.71% and 21.90% for LSS (3 

mg/ml), 25.20% and 24.92% for LSS (5 mg/ml), 23.84% and 23.14% for LSS (8 mg/ml), and 22.59% 

and 21.40% for LSS (10 mg/ml). Detailed photovoltaic parameters are listed in the insets of Figure 

5.32a-g. Such hysteresis phenomena can be quantitatively described using the hysteresis index (HI), 

which is defined by the following formula: 

                         HI = (PCERS − PCEFS)/PCERS               (1) 
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where PCEFS and PCERS are the power conversion efficiencies of forward and reverse scanning of 

p-i-n PSCs, respectively. We thus plotted the HI with different PCBM concentrations, as summarized 

in Figure 5.32h. Upon increasing the CPCBM, the HI first augments and subsequently decreases with a 

peak at CPCBM = 5. The HI value of LSS PSCs is calculated to be 0.011 upon the optimal concentration, 

which is far lower than those of pure (0.102) and control (0.076) PSCs, demonstrating a negligible 

hysteresis. 

 

Table 5.4 The photovoltaic parameters of champion p-i-n 3D-2D devices with or without the PCBM 

interlayer under forward and reverse scanning. 

Sample VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

3D reverse 1.079 23.78 79.11 20.30 

3D forward 1.048 23.76 76.01 18.93 

Control reverse 1.179 24.57 84.31 24.42 

Control forward 1.168 24.52 82.39 23.59 

LSS reverse 1.206 25.17 86.08 26.13 

LSS forward 1.205 25.19 85.37 25.91 
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Figure 5.32 Hysteresis analyses of J-V curves for different p-i-n PSCs. J-V curves of PSCs for pure 

3D (a), control (b), and LSS (c-g) with different concentrations of PCBM under forward and reverse 

scanning. (h), The evolution of HI with the PCBM concentration increases. 



109 

THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 5  

   

 

 

Figure 5.33 Statistical distributions of the photovoltaic parameters (VOC, JSC, FF, and PCE) for 50 

individual n-i-p 3D-2D devices with or without PCBM interlayer. The 3D device is utilized as a reference. 

Both the concentrations of PEAI and PCBM are 5 mg/mL. 

 

Additionally, the devices based on the construction of LSS exhibited better reproducibility compared 

with those of the 3D and control devices, as indicated by the statistics of 50 individual devices under 

each condition in Figure 5.33. As shown in Figure 5.33, there is a noticeable improvement in the average 

PCE from 17.27% (pure 3D) to 22.98% (control) and further to 24.69% (LSS). This improvement is due 

to the increase in Voc from 1.054 V to 1.163 V and 1.192 V, the Jsc from 22.58 mA/cm2 to 23.99 mA/cm2 

and 24.64 mA/cm2, and the FF from 72.47% to 82.38% and 84.10%. Moreover, it is worth noting that 

the LSS devices exhibit a narrower distribution compared to the pure 3D and control devices across all 

photovoltaic parameters, demonstrating excellent reproducibility of the present LSS strategy. The 
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bandgap of the LSS device was determined to be 1.57 eV by differentiating its EQE spectrum, which 

exhibited an inflection point at 792 nm (Figure 5.34). The integrated JSC from the EQE matched well 

with the value extracted from the J-V curve (Figure 5.34). The enhanced EQE in the long wavelength 

range of 650 to 780 nm is mainly attributed to the optimized energy-level arrangement at the interface 

between 3D perovskite and electron transport layer. The VOC deficit (Eg -qVOC ) of the LSS device was 

calculated to be 0.364 V, which is among the lowest values reported so far for PSCs with an Eg of ~1.57 

eV (Figure 5.35). 

 

 

Figure 5.34 (a), EQE and integrated current density curves for the champion 3D (22.60 mA/cm2), 

control (23.71 mA/cm2), and LSS (24.18 mA/cm2) CsFAMA devices. (b), EQE curves with 

determination of the bandgap for the LSS PSCs. 
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Figure 5.35 Summary of the reported VOC values for the representative PSCs with different bandgaps.  

 

To assess the effect of the PCBM interlayer on the interfacial energy-level alignments, we conducted 

the UPS tests for different perovskite films (Figure 5.36). Figure 5.29c shows the energy-level diagrams 

of [2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic Acid (MeO-2PACz) anchored on FTO 

substrate207-209, perovskites, and PCBM. The corresponding data was extracted from the UPS data. It is 

clearly found that the secondary electron cut-off (Ecut-off) shifted to a higher binding energy after PEAI 

post-treatment regardless of the PCBM interlayer, indicating that the ion exchange-induced 3D to 2D 

perovskite phase transition could lower the Fermi level (EF) of perovskite films. Notably, the energetic 

gap between EF and the VBM of the LSS sample was wider than that of control, indicating the enhanced 

n-type character of 3D perovskite films210-212. Also, the CBM of LSS films was closer to the CBM of 

PCBM at the n-type contact, which resulted in more efficient charge transfer at the interface between the 

3D-2D perovskite and the PCBM ETL. In contrast, the CBM of control films was much higher than the 

CBM of PCBM ETL with less n-type character, resulting in less efficient charge transfer of this 2D/3D 

perovskite interface at the electron-selective contact. Such an energy-level arrangement of LSS is 

conducive to the increase in build-in electric field of their PSC devices and have less charge accumulation 

at the electron-selective contact interface, contributing thus to the high VOC and FF of PSCs, as evidenced 

by the Mott-Schottky (M-S) analyses (Figure 5.37). 
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Figure 5.36 Helium La (21.22 eV) spectra of secondary electron cutoff (a) and valence band (b) for 

different films. Helium La (21.22 eV) spectra of secondary electron cutoff (c) and valence band (d) for 

PCBM ETL. 

 

The Fermi level (EF) was calculated by the equation: EF = Ecut-off - 21.22 eV, where Ecut-off represents 

cut-off binding energy, 21.22 eV is the photon energy of excitation light. The Ecut-off values were extracted 

to be 16.55 eV, 16.83 eV, and 17.22 eV for pure 3D, control, and LSS films, respectively. The EF values 

were calculated to be -4.67 eV, -4.39 eV, and -4.00 eV for pure 3D, control, and LSS films, respectively. 

Then the valence band maximum (EVBM) was calculated to be -5.42 eV, -5.17 eV, and -5.25 eV for pure 

3D, control, and LSS films using the equation: EVBM = EF - Eonset (Eonset is the onset potential in valence 

band spectra). The band gap (Eg) values of three perovskite films were obtained from the absorption and 

EQE spectra, which was calculated to be 1.57 eV. Thus, the conduction band minimum (ECBM) was 
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calculated to be -3.86 eV, -3.61 eV, and -3.69 eV for pure 3D, control, and LSS films, respectively. 

Similarly, the ECBM and EVBM of the PCBM ETL were calculated to be -3.72 eV and -6.02 eV, respectively. 

 

 

Figure 5.37 Mott-Schottky (M-S) plots of pure 3D, control, and LSS devices. 

 

By applying the M-S relation, the capacitance-voltage (C-V) characteristics can reflect interfacial 

charge density, which is inversely proportional to the straight-line slope of the M-S plot. The slope of 

the LSS device (5.7×1017) was larger than those of pure 3D (3.5×1017) and control (0.4×1016) devices, 

suggesting less charge accumulation at the interface between perovskite and PCBM. We attributed the 

fast charge transfer at interface to the optimized interface band-alignment induced by the PCBM 

interlayer. In addition, the LSS device demonstrated an increased build-in potential (Vbi) of 0.98 V 

compared with those of pure 3D (0.66 V) and control (0.93 V) devices. 

To establish the stability of our improved p-i-n 3D-2D PSCs, we carried out a series of investigations 

under various test conditions. It should be noted that the C60 was used to replace PCBM as the ETL to 

fabricate devices with the configuration of FTO/MeO-2PACz/3D-perovskite/2D-perovskite with or 

without PCBM interlayer/C60/BCP/Ag for stability study. We initially monitored the PCE evolution 

under continuous one-sun illumination in a nitrogen atmosphere (Figure 5.38). After further analyzing 

the evolution of photovoltaic parameters (VOC, JSC, and FF) for both control and LSS PSCs in N2 under 
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continuous one-sun illumination (Figure 5.38), it has been observed that as the aging time increases, 

the VOC of control devices gradually increases and then gradually decreases with a peak at 168 h, while 

both the JSC and FF exhibit a gradual decrease over time. In contrast, the LSS devices can retain their 

original FF and JSC in addition to a slight decrease of VOC after 1000 h of light soaking, demonstrating 

the excellent light stability of p-i-n PSCs after inserting the PCBM layer.  

 

 

Figure 5.38 Evolution of normalized photovoltaic parameters (PCE, VOC, JSC, and FF) for control and 

LSS PSCs in N2 under continuous one-sun illumination. The error bars represent the standard deviation 

for five devices. 

 

The photo-stability of LSS devices is superior to that of the control devices, maintaining 90% (T90) 

of their original PCE after 1,000 hours of illumination. While the control devices retained only 22% of 

their initial PCE after 768 hours. The remarkable enhancement observed is attributed to the block of ionic 



115 

THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 5  

   

 

exchanges between 3D and 2D perovskites when inserting the PCBM layer, evidenced by the electronic 

analysis. Given that VOC depends both on the active layer bandgap and the rate of nonradiative 

recombination. The emergence of the inflection point in VOC in control devices is attributed to further 

ionic exchange between 2D and 3D perovskites that enables the formation of thicker 2D layer during 

aging, contributing to the wider bandgap and the worse film quality, thereby a trade-off between them. 

Thus, the JSC of control devices gradually decrease with the aging time due to the thick 2D perovskite 

layer. In addition, the evolution of FF of control devices is relative to parasitic resistive losses (shunt and 

series). In general, achieving a high FF requires low recombination losses (high VOC); smooth, uniform, 

and dense active layers (high shunt resistance, Rsh); and efficient charge extraction and transport (low 

series resistance, Rs). As shown in Figure 5.39, the gradual decreased Rsh and the gradual increased Rs 

with the aging time, demonstrating that the decrease of FF in control devices is determined by resistive 

losses. After inserting the PCBM layer, both the Rsh and Rs show negligible change during the light aging, 

suggesting the well retaining of all photovoltaic parameters in LSS PSCs. 

 

 

Figure 5.39 Evolution of the series resistance (Rs) and shunt resistance (Rsh) for control and LSS PSCs 

in N2 under continuous one-sun illumination.  
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We then performed maximum power point (MPP) tracking tests under continuous light (100 mW 

cm-2) following the ISOS-L-1l protocol. Typically, after 1,100 h, the LSS-based device still maintained 

95% (T95) of its initial PCE (Figure 5.40a), whereas for the control device, the PCE had dropped to 40% 

of its initial value after only 450 h. Furthermore, we placed encapsulated devices in a chamber to conduct 

the damp heat test (85°C and 85% RH) following the International Summit on Organic Photovoltaic 

Stability (ISOS) ISOS-D-3 protocol. As shown in Figure 5.40b, the LSS devices maintained 90.7% of 

their initial PCEs (23.02 ± 0.53%, Figure 5.41) over 1,000 hours under damp heat aging, whereas the 

control devices retained only 24.6% of their initial PCEs (21.08 ± 1.19%) within 500 hours. It is worth 

noting that the well-retained heterointerface microstructure after aging contributes to the better damp-

heat durability of the LSS film, while for the control film without the PCBM interlayer, both the 2D and 

3D components fail to maintain structural integrity, especially at the grain boundary region (Figure 

5.40c-d).  

 

 

Figure 5.40 (a), Operational stability measured at maximum-power-point tracking in N2 under 

continuous one-sun illumination for control and LSS PSCs. The initial PCEs of devices with and 

without LSS in (a) were typically 21.69% and 23.72%, respectively. (b), Evolution of PCEs of control 
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and LSS PSCs under 85% RH and 85°C. The error bars represent the standard deviation for 13 devices. 

(c), (d), HAADF-STEM images of control and LSS films after the identical damp-heat aging. (LSS: 

3D perovskite sample with the PCBM-mediated 2D surface passivation treatment; Control: 3D 

perovskite sample with conventional 2D surface passivation treatment; Pristine 3D: 3D perovskite 

sample with no 2D surface passivation treatment.) 

 

 

Figure 5.41 Initial PCEs of control and LSS PSCs. 

 

To gain a more profound understanding, we compared the degradation behaviors of the LSS and 

control devices in the maximum power point (MPP) operational and ambient conditions. As illustrated 

in Figure 5.42, the 3D and 2D perovskite layers are seen in both the fresh control and LSS devices. After 

15 days of the MPP operation, the control device shows substantial microstructural degradation and the 

formation of PbI2, particularly at the grain boundaries (Figure 5.43a, b). Conversely, the LSS device 

exhibits only minor damage, primarily at the buried interface, while the LSS structure remains mostly 

intact (Figure 5.43c, d). Thus, it is deduced that the degradation in the control device in MPP conditions 

is primarily attributed to the ion migration, which is known to occur preferably along grain boundaries, 

triggering the observed microstructural change and phase degradation. In the LSS devices, ion migration 

is effectively blocked by the unique combination of the uniform 2D layer, the PCBM interlayer, and the 
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2D molecular layer. The degradation behaviors of the control and LSS samples in the ambient conditions 

are also very different. After being stored in a 50-60% relative humidity (RH) atmosphere for 10 days, 

the control sample’s surface morphology changes dramatically, with the emergence of numerous 

pinholes (Figure 5.44a, b). In contrast, the LSS sample shows minimal surface changes (Figure 5.44c, 

d). STEM observations reveal that a large amount of PbI2 forms in the 3D grains of the control sample 

(Figure 5.45a, b). Meanwhile, the LSS sample experiences little change with almost no PbI2 formation 

(Figure 5.45c, d). We attribute the stability improvement under operational and ambient conditions 

mainly to the ion and moisture blocking effects of the PCBM interlayer and passivators within the LSS 

structure, in which the well-retained LSS microstructure and phase within the PSC devices reinforce the 

interface reliability and chemical stability of 3D perovskites. 
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Figure 5.42 STEM-HAADF characterization of the control and LSS device samples before the MPP 

stability tests. (a), STEM-HAADF image of pristine control devices without PCBM interlayer. (b), 

Magnified STEM-HAADF image of the squared region in (a) shows the 2D and 3D perovskite 

structure. (c), STEM-HAADF image of pristine LSS devices. (d), Magnified STEM-HAADF image 

of the squared region in c shows the LSS structure. 

 

 

Figure 5.43 STEM-HAADF characterization of control and LSS devices after 15 days of MPP operation. 

(a), The grain-boundary regions of the control device exhibit serious damage. (b), Magnified STEM-

HAADF image of the squared region in (a) showing the existence of PbI2. (c), Only minor damage occurs 

in the LSS device, mainly at the buried interface. (d), The LSS structure remains intact. 
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Figure 5.44 SEM characterization for the ambient degradation of control and LSS samples. (a), (b), 

SEM images of the control sample stored at 50-60% relative humidity for 0 and 15 days, respectively. 

(c), (d), SEM images of the LSS sample stored at 50-60% relative humidity for 0 and 15 days, 

respectively. 
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Figure 5.45 STEM-HAADF characterization for the ambient degradation of control and LSS devices. 

(a), STEM-HAADF image of the control device stored at 50-60% relative humidity for 15 days. (b), 

Magnified image of the squared region showing the prominent existence of PbI2. (c), STEM-HAADF 

image of the LSS device exhibiting little change after the ambient storage. (d), Magnified image of the 

squared region in (c) showing the retention of the complete LSS structure. 

 

 

5.6 Conclusion 
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In closing, our study demonstrates the use of a PCBM molecular interlayer in synthesizing a 

laminate-structured surface (LSS) for stabilizing PSCs. By mediating the reaction between 2D perovskite 

passivators and the underlying 3D perovskite layer, the PCBM interlayer promotes the formation of a 

uniform, phase pure 2D perovskite capping layer and a molecular passivation layer on the 3D perovskite 

surface. Detrimental grain boundary etching generally encountered in the conventional passivation 

approach is also alleviated. The unprecedented LSS is found beneficial to interfacial carrier transport and 

stability, leading to highly efficient and stable inverted PSCs. This study leverages cross-sectional high-

resolution low-dose STEM methodology to investigate the interfacial morphology of the 2D passivation 

microstructure, and 4D-STEM NBED analysis to determine the structural integrity of grain boundaries 

in 3D perovskite layer. These lattice-resolved analyses underscore the critical role of fundamental surface 

microstructures in optimizing device performance and stability. The PCBM molecular interlayer 

approach can be expanded to form LSS types with various tailored characteristics by adopting other 

passivation-mediating molecules, creating a new path for advancing perovskite solar cell and module 

technologies. 
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Chapter 6 Conclusion and Outlook 

6.1 Summary of Results  

This thesis comprises two parts of work. The first part investigates the impact of halide ion on the 

distribution of 2D perovskite in 2D/3D perovskite heterojunctions. The second part focuses on the 

synthesis of lattice-resolved laminate-structured perovskite heterointerface. 

In the first study, we explored the role of halide ions in influencing the structure and performance 

of 2D/3D perovskite heterojunctions. By incorporating halide ions such as chloride and bromide into 

perovskite films, we demonstrated significant improvements in the distribution and stability of 2D 

perovskite layers. The addition of FACl to PEAI solutions resulted in a smoother, more uniform 2D 

layer, enhancing the overall stability and efficiency of the PSCs. Similarly, the use of PEABr instead 

of PEAI showed potential in modifying ion exchange at the 2D/3D interface, though challenges remain 

in achieving uniform layer orientation and thickness. These findings underscore the critical impact of 

halide ion selection on the microstructural properties and optoelectronic performance of perovskite 

materials. By fine-tuning halide composition, we can optimize device performance, demonstrating the 

vast potential of tailored halide incorporation in advancing perovskite solar cell technologies. This 

research paves the way for further innovations in achieving high-efficiency and stable perovskite-based 

devices. 

In the next study, we have successfully demonstrated the synthesis of a laminate-structured 

perovskite heterointerface mediated by a PCBM molecular interlayer. This novel approach addresses 

the significant challenge of uncontrolled surface reactions in the synthesis of 2D perovskite passivators, 

enabling the formation of a uniform, single-phase 2D perovskite capping layer. The incorporation of a 
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PCBM interlayer not only mitigates the detrimental grain-boundary etching observed in conventional 

methods but also facilitates the creation of a molecular passivation directly onto the perovskite surface. 

This results in improved charge energetics and film stability due to regulated band transitions and 

unique laminate-layer protection. The inverted PSCs fabricated using this method exhibit power 

conversion efficiencies up to 26% and enhanced device stabilities, as evidenced by T90 lifetimes 

exceeding 1,000 hours under ISOS-standardized protocols. Through lattice-resolved analyses, we 

provide insights into the relationship between microstructure and device performance, highlighting the 

critical importance of passivator-microstructure uniformity. These findings underscore the potential of 

our approach to significantly advance the performance and stability of perovskite optoelectronics, 

paving the way for more practical applications in photovoltaic technologies. 

6.2 Prospects of Future Work 

In recent years, researchers have succeeded in developing 2D/3D heterojunctions by combining 

2D perovskite layers with conventional 3D perovskite structures. These heterojunctions have a tunable 

bandgap and demonstrate exceptional stability. However, based on lots of electron microscopy 

experiments, it remains evident that 2D/3D PSCs present certain noteworthy issues. These include the 

need to effectively control the distribution of 2D perovskite and optimize the combination with 3D 

perovskite in order to fully exploit the superior stability advantages offered by the 2D component. The 

last goal of this thesis is to present distinctive viewpoints that shed light on prospective subjects for 

future research. 

Preparation of a 2D perovskite layer with non-ionic diffusion. Organic spacer cations have strong 

interactions with ions located at the A, B, and X sites on the 3D perovskite surface, resulting in the 

formation of 2D layers. However, controlling this process is challenging. This high-intensity 
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imbalanced ion exchange causes severe damage to the 3D perovskite surface, resulting in a plethora 

of defects, especially at the surface and grain boundaries. This process also leads to the irregular 

assignment of N values inside the 2D perovskite layer, along with notable disparities in orientation and 

thickness. Physical transfer, thermal evaporation, or in-situ preparation techniques may efficiently 

minimize defects at the interface between 2D perovskite layers and 3D grain surfaces. 

Interlayer between 3D and 2D perovskite. The 2D layer contacting the 3D perovskite presents 

several obstacles due to the insulation properties of the organic layers, which hinder efficient charge 

transport. The interlayer acts as a bridge, combining the advantages of both 2D and 3D perovskites. In 

order to facilitate efficient movement of charge carriers, the interlayer needs to have properties that 

enable it to energetically match both the 2D and 3D materials, hence providing an effortless passage 

of electrons and holes. Optimally, this layer should enhance the extraction of charges from the 3D 

perovskite while preserving it from environmental deterioration, and at the same time, enable the 

transfer of charges into the 2D perovskite without substantial loss. The interlayer in 2D/3D PSCs must 

achieve a delicate balance between boosting the environmental durability provided by the 2D 

perovskite and preserving the high mobility of the 3D perovskite to transport electric charges. The 

continuous improvement of interlayer materials and deposition techniques is anticipated to play a vital 

role in achieving highly efficient and stable 2D/3D PSCs.  
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