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Abstract  

Organic-inorganic halide perovskite solar cells (PSCs) have emerged as a promising 

next-generation photovoltaic technology, thanks to their high power conversion 

efficiency (PCE), tunable semiconducting properties, relatively easy processing 

methods, and low-cost raw materials. Various approaches, including compositional 

engineering, interface engineering, and strain engineering, have been explored to 

improve the device performance. Among these methods, additive engineering remains 

the most common approach due to its convenience. Researchers have studied the 

behavior of perovskite precursor solutions and thoroughly investigated various 

additives to control crystallization and enhance the device efficiency and stability, 

resulting in many record efficiencies achieved. This thesis focuses on two new additives 

for inverted PSCs that demonstrate a significant impact on the device performance. 

Through sufficient and compelling experiments, we illustrate the mechanism of the 

improvements. Our research contributes to the ongoing efforts to develop more efficient 

and stable PSCs, which have great potential for commercialization. 

Triple-cation mixed perovskites have gained significant attention recently due to their 

exceptional optoelectronic properties and stability for perovskite solar cells. However, 

the introduction of cations with different sizes can cause internal strain in the perovskite 

lattice, which affects the quality of the resultant films. To address this, we have 

introduced a small amount of KBF4 as an additive to improve the quality of triple-cation 

mixed perovskite thin films. Our study shows that KBF4 enhances the crystallinity of 
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the perovskite thin films and reduces internal strain. Additionally, KBF4 passivates 

defects in perovskite grains, resulting in longer carrier lifetimes. Consequently, the 

devices exhibit improved fill factor, enhanced efficiency, and better stability. Under 

optimum fabrication conditions, triple-cation mixed perovskite solar cells with an 

inverted structure demonstrate a power conversion efficiency over 23% and excellent 

stability under different conditions.  

Additive engineering has significantly contributed to the remarkable efficiency 

achieved by perovskite solar cells (PSCs). Numerous additives have been introduced to 

enhance the device performance, just like the first work, where we use KBF4 as 

modulator to release strain. Based on this additive, we further studied the combinational  

effect of two ammonium salts, PEAI (2-phenylethanamine iodide) and GlyHCl (glycine 

hydrochloride), to improve the performance of inverted PSCs. Our findings show that 

the addition of Gly+ can further enlarges the grain size and reduces defect density after 

the perovskite was already passivated by PEA+. This co-additive strategy helped us 

achieve the highest efficiency of 23.8% on inverted PSCs.  

In summary, we employed KBF4 as an additive to improve the performance of triple-

cation mixed perovskite thin films. Our study shows that KBF4 enhances the 

crystallinity of the perovskite thin films and reduces internal strain, resulting in 

improved device efficiency and stability. In the second work, we investigated the 

combinational effect between PEAI and GlyHCl. These two works demonstrate 

methods and mechanisms to obtain high-performance inverted PSCs and triple-cation 
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mixed perovskite thin films. The application of these additives together gave the best 

efficiency of 23.8%. Overall, our research provides insights into designing and 

selecting the additives for building efficient and stable PSCs. 
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Chapter 1  Introduction of Lead Perovskite Solar 

cells 

1.1 Background 

Since the onset of the industrial age, the demand for electricity has become a 

fundamental criterion for assessing a country's development. The global community 

has been exploiting terrestrial energy resources in a rapacious manner, with 

conventional sources such as coal, fossil fuels, and natural gas overwhelmingly 

dominating the energy markets and accounting for the majority of electricity generation. 

However, two critical issues have arisen. First, the rapid surge in energy demand has 

exceeded the available energy supply, leading to a significantly diminished availability 

of conventional energy sources. Second, the potential environmental harm of 

conventional energy sources has been observed and documented in recent years. 

As a result, for decades, the global community has been exploring renewable and green 

alternatives to conventional energy sources. For instance, solar energy, wind energy, 

and tidal energy have been practically implemented to provide electricity. Among the 

various emerging energy sources, solar energy is particularly noteworthy due to its high 

conversion efficiency. It is noteworthy that many natural energy sources, including coal, 

fossil fuels, and wind energy, are ultimately derived from the sun. However, these 

energy sources are not directly converted from solar energy but rather take millions of 

years to form and accumulate. Therefore, the direct conversion of solar energy into 
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electricity may be the most efficient and effective approach to resolving the energy 

crisis. 

Solar cells are electronic devices that exploit the photovoltaic phenomenon to convert 

solar energy into electricity. [2] The type of semiconductor material used as the photo-

sensitive layer determines the category of solar cell. Silicon-based solar cells, the first-

generation and widely commercialized type, are renowned for their high device 

efficiency and stability, attributable to the inert chemical nature of silicon[3]. However, 

the exorbitant cost of silicon purification and fabrication impedes large-scale 

production. Consequently, researchers are seeking alternative materials to replace 

silicon. As scientists deepen their comprehension of various semiconductor materials, 

they have discovered that many inexpensive materials can generate the photovoltaic 

effect. For instance, GaAs solar cells have achieved efficiency greater than 29% with 

single-junction cells[4], while CIGS (Copper Indium Gallium Selenide) solar cells have 

also exhibited efficiencies exceeding 23%[5]. These solar cells, based on thin-film 

technology, are considered second-generation solar cells.  

Over the past decade, third-generation solar cells have experienced rapid and robust 

growth, with organic solar cells (comprising organic small molecules and polymers) 

and perovskite solar cells emerging as two prominent advanced materials.[6-7] In 

addition to leveraging thin-film technology, third-generation solar cells possess unique 

features, including high tunability. The diversity of organic molecules arises from their 

highly developed synthesis system, which imparts diverse chemical and physical 
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properties to the organic materials.[6] Similarly, lead (Pb)-based halide perovskite 

(ABX3) is an ideal material for creating light-harvesting devices due to their easily 

tunable bandgap and exceedingly high power conversion efficiency.[7] To date, the PCE 

of perovskite solar cells (PSCs) has exceeded 26% in within only one decade.[8-9] The 

progress made in PSCs has delved into mass production technologies, paving the way 

for further commercialization.  

 

Figure 1.1. The structures and compositions of perovskite solar cells. 

The exceptional efficiencies achieved in PSCs primarily rely on the utilization of 

organic-inorganic halide Pb-based perovskites, which are generally represented by the 

chemical formula ABX3 (Figure 1.1). In this formula, A cation represents MA+ (methyl 

ammonium), FA+ (formamidinium), or Cs+ (cesium), B denotes lead/tin, and C signifies 

halide ions (Br−, I−). The bandgap of Pb-based perovskites can be conveniently 

modulated by altering the type and ratio of A and C sites ions, thereby rendering 

perovskites a suitable material for constructing tandem solar cells. Furthermore, given 

their relatively facile fabrication process, methods such as blade coating and roll-to-roll 
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coating have been extensively developed, enabling the mass production and practical 

application of PSCs.[2-3, 7] 

1.2 Objectives of Research 

Although the efficiency of PSCs has approached that of silicon-based solar cells, 

several challenges still impede their real-world commercialization. For instance, while 

silicon is chemically and physically inert, exhibiting exceptional stability under high-

temperature and intense illumination conditions, perovskites are highly sensitive to air, 

particularly the water content in air. Exposure to high humidity can cause rapid 

degradation and loss of light-harvesting ability.[10] Moreover, the intrinsic ionic nature 

of perovskites makes them vulnerable to light in working conditions. The halide ions 

can migrate under the built-in electric field, resulting in irreversible aggregation and 

segregation of halide ions.[11] Consequently, the nonuniform composition of perovskites 

can significantly decrease conversion efficiency and long-term stability. Apart from 

device stability issues, the fabrication process for mass production is another critical 

challenge.[12] For instance, the conventional laboratory-based fabrication method, spin 

coating, is widely used for thin-film material production. However, spin coating 

presents challenges for large-area thin-film deposition and results in significant waste 

of perovskite solution, which is unfavorable for mass production. Therefore, 

researchers are actively exploring multiple strategies to overcome these challenges.  

With the swift development of perovskite theory, numerous engineering approaches 

have been proposed to address the aforementioned challenges. Composition 
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engineering involves tuning the type and ratio of A and C site ions.[13] MA-based 

perovskites were initially a hot topic due to their easily controlled crystallization. 

However, researchers discovered that FA-based perovskites possess a smaller bandgap, 

resulting in a higher theoretical efficiency limit. Consequently, all current record 

efficiencies are achieved using FA-based perovskites. Another successful and widely 

adopted strategy is additive engineering.[14] Researchers have found that additives can 

have a significant impact on all aspects of PSCs. For instance, the most common 

function for additives is defect passivation. Numerous organic molecules, such 

as Lewis bases, have been demonstrated to reduce defect density. To control 

crystallization, researchers have utilized ligands to coordinate with Pb2+ ions, slowing 

down the crystallization process and increasing grain size. Moreover, reports have 

demonstrated that additives can tune perovskite energy levels and facilitate the transport 

of holes and electrons. 

This thesis introduces two additional additives to enhance the performance of PSCs, 

with a particular focus on improving the power conversion efficiency (PCE) and 

stability of inverted PSCs, which have lagged behind their normal counterparts. 

Considering that the inverted structure is crucial in numerous applications, such as 

flexible electronics and large-area fabrication, studies investigating their performance 

improvements and mechanisms are still inadequate. The objectives of this work are to 

provide further insights for designing new and effective additives to enhance the 

performance of PSCs and to facilitate the commercialization of PSCs. 
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1.3 Structure of Thesis 

The chapter of this thesis are listed as follows: 

Chapter 1: Introduction. In this part, the background and the significance of 

developing high performance perovskite solar cells are introduced. 

Chapter 2:  Literature review relating to the working mechanisms, basic structures and 

progress in perovskite solar cells are presented in this chapter.  

Chapter 3: KBF4 Additive for Alleviating Microstrain, Improving Crystallinity and 

Passivating Defects in Inverted Perovskite Solar Cells. In this part, efficiency over 23% 

is achieved on PSCs with inverted structures with the help of KBF4. The mechanism is 

also thoroughly investigated with various characterization. 

Chapter 4: A Binary Ammonium Salts System to Boost the Efficiency of Inverted 

Perovskite Solar Cells over 23.8%. In this section, a co-additive strategy is put forward 

and the combinational effect between two additives are studied. 

Chapter 5: Conclusion and Prospects. In this chapter, the results and conclusions are 

refined to give clear picture of our study. Besides, potential studying filed and problems 

that remain unresolved are put forward to further help improve the performance of PSCs.  
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Chapter 2 Review of Basic Information of Perovskite 

Solar Cells and Progress in Additive Engineering 

2.1 Introduction 

In recent years, perovskites have emerged as highly promising materials with versatile 

applications across various fields. Notably, their remarkable potential in solar cells has 

garnered significant attention, primarily due to their exceptional power conversion 

efficiency, which has seen rapid development over the past decade. Perovskite solar 

cells have accomplished in almost two decades what took other solar cells hundreds of 

years to achieve.[7] While silicon-based solar cells remain the commercially dominant 

first-generation solar cells due to their high efficiency and exceptional chemical 

stability, the production of ultrahigh-purity metallic silicon (>99.9999%) requires 

temperatures exceeding 1400 ℃.[15] In comparison, the fabrication of perovskite solar 

cells is significantly more convenient and relatively inexpensive. This advantage is 

shared by other third-generation solar cells, including organic photovoltaic cells 

(OPVs), dye-sensitized solar cells (DSSCs), and quantum dot (QD) solar cells. 

However, only perovskite solar cells have thus far achieved efficiencies approaching 

those of silicon-based solar cells.[8-9] These exciting findings have prompted further 

research efforts to explore the immense potential of perovskite solar cells. 

The term perovskite initially referred to calcium titanate (CaTiO3). Subsequently, all 

metal oxides sharing a similar lattice structure (ABX3), including BaTiO3, LiNbO3, 

PbTiO3, SrTiO3, BiFeO3, among others, were also classified as perovskites. However, 

these metal oxides possess a bandgap greater than 2.5 eV, rendering them unsuitable as 

light-harvesting materials. In the context of modern perovskite solar cells, perovskites 

generally refer to organic-inorganic metal halide perovskites, where A typically 

represents organic small molecules, such as amines or alkali metal cations (MA+, FA+, 

and Cs+), B represents metal cations that can adopt a sixfold coordination configuration 
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(Pb, Sn, etc.), and X represents halide atoms, such as I− and Br−. In contrast to oxide 

perovskites, halide perovskites exhibit higher crystallinity due to the strong ionicity of 

halide anions. In halide perovskites, charge neutralization is established in the lattice 

structure through the coordination of a large number of cations and anions. 

Consequently, slight structural strain can result in changes to the lattice structure. The 

inherently ionic nature of perovskites confers both advantages and disadvantages. As 

previously mentioned, these include high crystallinity, easily tunable composition, and 

adjustable bandgap. However, perovskites also suffer from poor stability.[16]  

Perovskite structures are highly diverse, and currently achieved record efficiencies are 

exclusively based on traditional three-dimensional (3D) perovskites, which possess a 

standard cubic lattice structure and are thus suitable for constructing highly 

efficient perovskite solar cells owing to their narrow bandgap and high carrier 

transporting ability. However, the drawback of 3D perovskites is their susceptibility to 

lattice structure disruption, which can cause rapid decomposition under certain 

conditions. Consequently, low-dimensional perovskites have garnered increasing 

attention due to their superior stability. The abundance of low-

dimensional perovskite variants, attributable to the diverse range of organic 

spacers and tunable bandgap, has yielded high-performance perovskite solar cells. For 

instance, for low-dimensional perovskites with n = 5, the highest efficiency achieved 

thus far exceeds 22%.[17-19]  In any scenario, perovskites have generated significant 

interest due to their tremendous potential. 

2.2 Device Structures of Perovskite Solar Cells 
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Figure 2.1. The device structure of perovskite solar cells. 

Perovskite solar cell structures can be broadly classified into three types. The first type 

is the traditional mesoscopic n-i-p structure, which employs mesoscopic semiconductor 

metal oxide, such as TiOx and SnOx,
[20] as the electron-transporting layer. This 

approach was pivotal in achieving significant early-stage enhancements in efficiency 

and remains widely utilized owing to its convenient fabrication. The second type is the 

planar n-i-p type (normal type), which evolved from the original mesoscopic metal 

oxide approach due to improvements in depositing metal oxide layers with lower 

roughness. This device structure is currently the most popular for achieving the highest 

efficiency in perovskite solar cells. The third type is the planar p-i-n type (inverted type), 

which relies on well-developed hole-transporting layers, such as PTAA, PEDOT: PSS, 

and NiOx.
[21-22] The inverted structure is critical for fabricating flexible devices and 

developing large-area technologies.[23] In addition to the traditional three types, 

research is also ongoing regarding the transporting-layer-free type in normal or inverted 

structures. The progress in this area is impressive, largely due to the tunable energy 

levels of perovskites.[24] The typical structures are illustrated in Figure 2.1. 

Every layer in perovskites solar cells play a paramount role in high performance devices. 

Each layer within perovskite solar cells plays a crucial role in achieving high-

performance devices. The selection of suitable transporting layers for each perovskite 

system is critical, and contact interfaces have been identified as being responsible for 

the majority of nonradiative recombination. Therefore, research efforts have focused 

on tuning the properties of transporting layers and interfaces, which have contributed 

significantly to achieving record efficiencies. For instance, the high hole-transporting 

efficiency of Spiro-OMeTAD has prompted researchers to investigate structure 

redesign and new doping strategies, both of which have proven effective in enhancing 

device performance.[25] In addition to improving the quality of typical transporting 

layers, there are also works focused on designing entirely new transporting layers to 

offer additional strength and further enhance overall device performance. 2-PACz, for 
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example, is a promising hole-transporting layer that can potentially replace PTAA, and 

its performance has been demonstrated in numerous outstanding works.[26]  

 

Figure 2.2. Progress in efficiency of flexible perovskite solar cells.[27] 

In addition to the layers aforementioned, significant attention has been directed towards 

the electrodes in perovskite solar cells. ITO (indium tin oxide) is the most commonly 

used bottom electrode and has been successfully commercialized and implemented in 

various electronic products. However, ITO is an intrinsically brittle metal oxide that 

delivers poor flexibility in flexible devices (Figure 2.2).[27] This limitation has 

prompted researchers to explore alternatives to ITO. For instance, silver (Ag) nanowires 

or nanomeshes exhibit superior conductivity compared to ITO and can be fabricated 

into various shapes, exhibiting outstanding flexibility.[28] Additionally, many organic 

mixtures, such as PEDOT:PSS, demonstrate excellent conductivity by designing the 

structures, and organic materials are renowned for their softness.[29] Consequently, 

flexible perovskite solar cells represent a promising application with significant 

potential for commercialization. 
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2.3 Working Mechanism of Perovskite Solar Cells 

 

Figure 2.3. Working mechanism of perovskite solar cells.[30] 

Perovskite solar cells function more like solid-state p-n junction solar cells (Figure 2.3), 

with the perovskite layer serving as an intrinsic semiconductor sandwiched between 

two selective contacts. The two transporting layers, hole- and electron-transporting 

layers (HTLs and ETLs), serve as p and n contacts, respectively. The core mechanism 

of PSCs is based on the photovoltaic effect. When the perovskite absorbs light, the 

photo-generated carriers, holes and electrons, must arrive at the contacts to be extracted. 

Due to the relatively thin film and high dielectric characteristics of perovskite, the 

carriers in perovskites exhibit high efficiency in charge transport with less potential 

for nonradiative recombination as compared to other materials. During carrier transport, 

equilibrium is established, generating a built-in potential that facilitates the separation 

of holes and electrons. After the holes and electrons are collected by the transporting 

layers, electrons flow through the external circuit to reach the p-type layer to combine 

with the holes, thus transforming solar energy into electricity that can be utilized.[30] 

2.4 Issues Inside Lead Based Perovskite Solar Cells 

Before delving into the progress made in perovskite solar cells, it is crucial to highlight 

the potential issues that could impede their advancement. While lead-based perovskites 
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exhibit excellent light harvesting capabilities, there are concerns associated with their 

ionic nature. Although this characteristic enables efficient carrier transport, it also 

renders the perovskite phase extremely unstable owing to issues such as ion 

migration and degradation. Therefore, researchers must strive to strike a balance 

between achieving high performance and ensuring stability and longevity of the 

perovskite-based solar cells. 

2.4.1 Defects in Lead Based Perovskites 

 

Figure 2.4. Imperfections in perovskites solar cells.[31] 

Perovskites are typically fabricated using solution-based methods, such as spin-coating, 

to form polycrystalline thin films. Polycrystalline thin films exhibit a higher density of 

grain boundaries and defects compared to their single-crystal counterparts (Figure 2.4). 

Defects, including point defects and grain-boundary defects, are responsible 

for nonradiative recombination and energy losses. Moreover, defects are also the 

primary targets for oxygen and moisture attack, which can lead to perovskite 

degradation from the defects.[31] Therefore, reducing defect density can help enhance 

the long-term stability of perovskite-based solar cells. The defect situation in lead 

halide perovskites is illustrated in Figure 2.4. 
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Figure 2.5. (a)The formation of CBM and VBM in perovskites. (b) donor-like and 

acceptor-like defects from cation and anion vacancies. (c) defects from cation-cation 

and anion-anion wrong bonds.[32] 

Defects are not entirely detrimental to perovskites, as the absorbers must contain a 

certain amount of shallow-level point defects to generate free carriers with desirable 

concentrations while avoiding an excess of deep-level defects that may cause 

detrimental non-radiative recombination. Lead halide perovskites exhibit unique defect 

properties characterized by high tolerance for defect formation. This means that defects 

in lead halide perovskites tend to create shallow levels due to their low formation energy. 

Conversely, defects with high formation energy tend to create deep levels that are harder 

to control and reduce. And defects with energy levels deep in the bandgap act as 

Shockley–Reed–Hall non-radiative recombination centers, which are mainly 

responsible for short minority carrier lifetime and, therefore, low open-circuit voltage 

(VOC) of the solar cells. This distinct property is attributed to the antibonding coupling 

between Pb lone-pair s and I p orbitals, which results in high ionicity and the high 

electronic dimensionality. (Figure 2.5) 
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Figure 2.6. (a) Various transition energy levels of points defects in MAPbI3.
[33] (b) The 

formation energy of different point defects in MAPbI3 under I-rich/Pb-poor (left), 

moderate (middle), and I-poor/Pb-rich (right) chemical conditions.[34] 

For various defects in different compositions, the types are different but similar. With 

thorough investigation by DFT (Density Function Theory) calculation, the formation 

energy and positions in energy levels of various defects in different compositions are 

studied. As showed in Figure 2.6 a, many defects in the bulk perovskite such as 

MAPbI3 are shallow defects with low formation energy. For example, the I interstitial 

(Ii), MA-on-Pb antisite (MAPb), MA vacancy (VMA), VPb, MAi, PbMA, Vi and MAi are 

all shallow defects. On the contrary, deep defects such as IMA, IPb, Pbi and PbI have 

much higher formation energy (Figure 2.6 b).[33-34] Besides, differs from traditional p-

type thin-film solar cell absorbers, perovskites exhibit tunable p or n type depending on 

the chemical potentials, which are affected by things like solution states and growth 

conditions. This also suggests that Pb based perovskites have high tolerance to the 

defects. 
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In addition to bulk perovskites, grain boundaries and interfaces play even more 

significant roles in determining the defect density of perovskites. Many studies have 

demonstrated that defect passivators added to the perovskite precursor solutions are 

located precisely at the grain boundaries after forming the thin films. These additives 

typically decrease the formation energy by providing extra interactive forces, such as 

forming hydrogen bonds to fix the defects.[35]  Furthermore, ion migration (especially 

halide atom migration) is another critical factor that affects defect density. Previous 

studies have reported that halide atoms in perovskites tend to aggregate during 

continuous illumination or long-term storage due to the ionic nature of perovskites. Ion 

migration can lead to a non-uniform perovskite phase and create new defects, such as 

vacancies and interstitial atoms. Therefore, preventing ion migration is a paramount 

issue for maintaining low defect density and long-term stability.[36] Recently, interfaces 

have also attracted significant attention, and interface engineering has become an 

effective and efficient strategy for enhancing solar cells in every aspect.[37-38] This is 

because carriers must pass through the interfaces between perovskite and charge-

transporting layers and be collected. Therefore, defects at interfaces have a significant 

impact on charge transport efficiency, nonradiative recombination, and subsequent 

device performance. 

A significant body of research has focused on defect passivation because achieving low 

defect density is a crucial prerequisite for attaining both high efficiency and long-term 

stability in perovskite-based devices. In addition to the additive and interface 

engineering methods mentioned earlier, composition and strain engineering have also 

been shown to be effective strategies for reducing defects. In summary, controlling 

defects in perovskites is essential for leveraging their potential in solar energy 

harvesting. 
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2.4.2 Composition and Structures of Lead Based Perovskites 

Composition plays a critical role in determining the structure of perovskites. However, 

the crystallization conditions also influence the formation of the structure. The 

conventional three-dimensional (3D) cubic lattice structure is highly efficient for light 

harvesting due to its high charge splitting and transporting capabilities. However, the 

poor stability of the 3D structure hinders its commercial viability. Therefore, low-

dimensional perovskites have garnered significant attention due to their superior 

stability in comparison to their 3D counterparts, and their PCE is also increasing rapidly. 

Moreover, the composition and resulting structures also determine the Shockley-

Queisser limit, which refers to the bandgap and the subsequent efficiency. Thus, the 

composition and structure determine the fundamental chemical and physical properties 

of perovskites, and different compositions may be more suitable for different 

applications of perovskites. 

 

Figure 2.7 The absorption spectra of FAPbBr1-yIy by tuning the ration of Br− and I− 

[39] 

For conventional three-dimensional (3D) perovskites, the range of available 

compositions is relatively limited compared to low-dimensional counterparts. This is 

due to the necessity of maintaining the cubic lattice structure, which requires the ions' 
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radii to match the Goldschmidt tolerance factor ( 𝑡 =  
𝑟𝐴+𝑟𝑥

√2(𝑟𝐵+𝑟𝑥)
 ) for ABX3.  

Consequently, only a limited range of ions can fit into this structure. The metal ions B 

are typically lead (Pb) and tin (Sn), while X comprises halide ions I−, Br−, and Cl− (F− 

has an unsuitable ion radius). The A-site cations can be broadly classified into organic 

and inorganic types. Organic-inorganic hybrid perovskites based on organic amine salts, 

such as MA+ (methylammonium) and FA+ (formamidinium), exhibit the highest 

efficiency to date due to their suitable narrow bandgap. Inorganic alkali metals, such as 

cesium (Cs+) and rubidium (Rb+), are widely studied compositions. For instance, Cs− 

based pure inorganic perovskites exhibit a wide bandgap and high open-circuit voltage, 

making them suitable for fabricating tandem solar cells. Although the bandgap depends 

largely on the halide ion ratio (a high I− ratio results in a narrow bandgap, while high 

Br− leads to a wide bandgap, as shown in Figure 2.7),[39] A-site cations can also slightly 

tune the bandgap. Furthermore, A-site cations strongly influence the stability of 

perovskites. For example, PSCs based on MA exhibit poor thermal stability due to the 

organic molecule MA's easy evaporation. In contrast, FA has a slightly higher 

evaporation temperature and thus higher thermal stability.[40]  Pure inorganic 

perovskites undoubtedly exhibit the highest thermal stability, but their moisture 

stability is poor. Therefore, composition engineering seeks to harness the benefits while 

avoiding the drawbacks by tuning various compositions. 

 

Figure 2.8 Structures of Ruddlesden−Popper phase (a), Dion-Jacobson phase (b) and 

Alternating cations in the interlayer phase (c) 2D perovskites.[18] 
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For low-dimensional perovskites, the composition and structures become various due 

to the diversity of organic molecules. The structures of low-dimensional perovskites 

could be understood by splitting the 3D structure into smaller parts. For example, the 

2D (two dimensional) perovskites are formed by inserting layers of large organic 

spacers into the 3D cubic structure, The inserting can be along the ⟨100⟩-, ⟨110⟩-, and 

⟨111⟩-planes of the 3D structure, giving rise to ⟨100⟩-, ⟨110⟩-, and ⟨111⟩-oriented 2D 

perovskites.[18] Moreover, the number of the layers (n) that inserted into 3D structures 

also determine the structures, perovskite properties and therefore performance of 

devices. As compared to 3D perovskites, the A sites cations are no longer limited by the 

size problem in 2D perovskites, which enable all kinds of organic molecules show their 

potentials. Based on different types of organic spacers, the structures of 2D perovskites 

could be further classified into Ruddlesden-Popper (RP) phase, Dion-Jacobson (DJ) 

phase and Alternating cations in the interlayer (ACI) phase (Figure 2.8). The organic 

spacers have great impact to the perovskite properties: (1) They can change the 

distortion of perovskite lattice by tilting the angle of M-X-M bonds; (2) The exciton 

binding energy (Eb) can be changed by the dielectric constant of the organic spacers; 

(3) Organic molecules have noticeable hydrophobic effect and thereby providing better 

water-resistant ability for perovskite devices.[18] Similarly, the zero-dimensional (0D) 

perovskites, also named quantum dots perovskites, are formed by separating the 3D 

structure into further smaller part but still retaining the photophysical properties of 

individual metal halide octahedra. During the separating process, the organic spacers 

take more responsibilities for the change in properties of perovskites. The small size of 

0D perovskites trap the excitons inside the individual octahedra, results in strong Stokes 

shifted broadband emissions and high exciton binding energy. Therefore, they are 

unsuitable for behaving as light-absorbing materials because the greatly suppressed 

split and transportation of carriers. Besides, 0D perovskites have superior stability 

owing to the tightly surrounded hydrophobic organic molecules. Thanks to these special 

properties, although it may hard for 0D perovskites to achieve high-performance solar 

cells, they show great potentials in light emitting devices and are promising to be 

commercialized.[41] 
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The challenge in understanding the composition and structures of perovskites lies in the 

fact that our knowledge is currently insufficient to enable perovskites to realize their 

full potential in light harvesting devices. For example, it has been discovered that slight 

adjustments in the composition can effectively suppress the phase transformation of α-

FAPbI3, which is an active light absorber but is unstable and readily transforms into the 

inactive 𝛿 phase at room temperature. Additionally, the compositions significantly 

influence the properties of the precursor and subsequent crystallization process, which 

typically determines the quality of perovskite thin films. For instance, double and triple 

cation systems have been shown to be more repeatable and stable in the fabrication 

process. Similarly, we have limited knowledge of the properties and potential of various 

low-dimensional perovskites due to their diversity. This diversity requires exploration, 

and there is a lack of principles and guidelines to aid researchers in designing 

perovskites with ideal and desirable functions.  

2.4.3 Hysteresis in Perovskite Solar Cells 

Hysteresis refers to the phenomenon of mismatch between the forward-scanned and 

reverse-scanned photocurrent density at given bias voltage in J-V tests (Figure 2.9).[42] 

This phenomenon generally results in a decrease in average conversion efficiency as 

the declined characteristics in reverse scan. The reason is uncertain for now but is 

believed to be strongly associated with the defects in perovskites, the carrier 

accumulation around interfaces, the ferroelectric behaviors and the ion migrations.  
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Figure 2.9. The hysteresis phenomenon in the J-V curves of perovskite solar cells.[42] 

The hysteresis phenomenon is a quite common issue in early stage when using 

mesoscopic TiO2 as electron transporting layer. And researchers have adopted many 

successful strategies, such as additive and interfaces engineering, to eliminate the 

hysteresis now. One of proposed reason is the ferroelectric effect caused polarization.[43] 

In organic-inorganic halides perovskites, the non-centrosymmetric lead halide 

octahedral structure and long-range ordering of dipoles of organic cation by electric 

field will lead to the generation of ferroelectric effect. The ferroelectric effect caused 

polarization may decrease the built-in potential and following Voc. However, when 

researchers used pure PbI2 (non-ferroelectric material) as light absorbing layer, the 

hysteresis phenomenon still exists, which suggests that the polarization is not the 

exclusive reason. Researchers found that the ion migration at perovskite interfaces and 

grain boundary maybe another competing origin for the hysteresis phenomenon. The 

activation energy for halides atoms is low as compared to other ions (I−: 200~230 meV, 

Pb2+: 810~1620 meV, Cs+ and MA+: 590~1120 meV).[44] Therefore, it is great potential 

for iodide to migrate. Because ion migration is slower than electronic response, 

therefore, the performance change caused by ion migration will show up in hysteresis. 

Besides, the ion migration also implies an unstable perovskite phase and working 

conditions. Because the composition will change as the ion migration is undergoing, 

and ununiform perovskite phase will cause differentiated bandgap, which compromise 

the light harvesting ability of original perovskite. In another words, ion migration is 

unwanted for long-term working stability. Therefore, it is necessary to suppress ion 

migration as well as hysteresis. 

2.4.4 Stability of Perovskite Solar Cells 

The instability of perovskites and their devices has been identified as the main obstacle 

to their mass commercialization.[45] Their instability is such that they are believed to be 

more stable in outer space, where the primary source of decomposition, moisture, is 
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absent. In contrast to silicon solar cells, which are both chemically and physically inert 

to most working conditions, the intrinsic nature of lead-based halide perovskites is 

unstable. The working lifetimes of silicon solar cells can easily exceed ten years. 

However, lead-based halide perovskites face stability issues from multiple perspectives 

(Figure 2.10). As previously mentioned, there are problems such as an unstable active 

perovskite phase and ion migration. Other stability issues include light-soaking stability 

and self-decomposition. Moreover, the decomposition of perovskites can result in the 

leakage of lead, a highly toxic heavy metal that poses a threat to all living organisms. 

Given that the efficiency of perovskite solar cells is approaching its theoretical limit, 

and their working lifetimes lag behind those of other solar cells, researchers have 

shifted their focus to addressing the stability issues of perovskite solar cells. 

 

Figure 2.10. The potential reasons for the instability of perovskite solar cells.[46] 

Phase stability is an issue we have mentioned before: the FAPbI3 has different phase 

under different temperatures.[45] The formation of pure α-FAPbI3 generally needs 

annealing temperature over 150 ℃, and it will transform to inactive δ-phase in room 

temperature if without suppressing strategy. This situation is common in lots of 

perovskite system. Another typical example is the pure inorganic perovskite CsPbI3, the 

cubic black α phase is formed at a temperature above 300 ℃. This is because Cs+ is too 

small to sustain the PbI6 polyhedra in ideal cubic structure at room temperature and 

therefore CsPbI3 will degrade to the orthorhombic δ-CsPbI3 when cooling.[47] Hence, 
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how to sustain the photo-active phase of perovskite is the most basic stability issue to 

make solar cells. One of the effective and efficient strategy is composition engineering. 

Still take FAPbI3 system as example, although this perovskite composition is very 

attracting due to the relatively high thermal stability and redshifted bandgap, stabilizing 

the pure FAPbI3 in room temperature is remaining a tough question. The main reason 

for the phase transformation is the small-radius A site cations cannot sustain the PbI6 

polyhedra in ideal cubic structure. Researchers found that small amount doping of 

multiple cations could effectively suppress the formation of δ-phase because of entropic 

stabilization effects and tolerance factor tuning.[48] However, such stabilization is traded 

off with the slightly blue-shifted bandgap (that is the upper efficiency limitation) and 

potential severe ion migrations. In this respect, additive engineering gives out some 

solutions. For instance, various additives, such as methylammonium thiocyanate 

(MASCN)[49], formamidine formate (FAHCOO)[50] and isopropylammonium chloride 

(IPACl)[51] have been introduced into FAPbI3 perovskites with promising effects. And 

we will thoroughly introduce these works in the following chapter. 

Moisture is a very interesting thing for perovskite: it is proved that suitable amount of 

water is conducive to form high-quality perovskites thin films; but in the investigation 

of mechanism for degradation, water is also the one to blame for. The sensitivity is 

strongly associated with the composition, which is similar to the phase stability 

mentioned above. For example, water can catalyze the decomposition of MAPbI3 into 

PbI2, CH3NH3, and HI.[52] Study shows that perovskite phase could combine with water 

to form hydrous perovskite phase. In this hydrous phase, the kinetic barrier energy for 

I− to migrate is largely reduced, which implies the increased migration potential of 

halide atoms. Consequently, the formation of vacancy point defects, especially I 

vacancy defects, leads to increased nonradiative recombination.[52] More severely, these 

new vacancy defects are usually in the deep energy level, which are tough to eliminate 

once formed. Such deep-level defects will become the primary targets for water to 

attack and combine, resulting into the snowballing effect and more severe degradation. 

Considering this situation, the humidity is undoubtedly the one that should be kept away 
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from perovskite. For tackling this issue, various methods were put forward. For instance, 

by adopting all kinds of hydrophobic chemicals, especially organic molecules with long 

alkyls chains or fluorine atoms and organic polymers, the water-resistant ability are 

prominently elevated. Besides, interfaces engineering is also another effective wat to 

protect perovskite layer, since the interface is the place that water has the first chance 

to contact perovskite.[37] For example, the in-situ surface modification by 2D perovskite 

draw vast pools of attention recently.[53] Because such modification not only tuning the 

energy level alignment by constructing heterojunction, but also prevent the 3D 

perovskite from water by using a more water-resistant 2D perovskite as protecting layer. 

Although as light-harvesting materials, perovskite is also sensitive to continues 

intensive illumination. The ionic nature of perovskite provides advantages like highly 

efficient charge splitting and transportation, it also yields some issues, such as the 

unfixed ions and cations in the lattice. Light could provide the energy to generate 

photogenerated carriers, it can also provide the energy to dissociate the perovskite. For 

example, the blue to UV (ultraviolet) part of the light can provide the energy to break 

the bonds in organic molecules. This decomposition can happen faster with the help of 

oxygen even without UV light and these compromises are irreversible. More 

importantly, we mentioned the activation energy for I− and other halide atoms are very 

low.[11] Therefore, the intensive light can also provide the energy for ions in perovskite 

to migrate and aggregate. The issues brought by ion migrations have been partially 

illustrate before, the results are fatal because of the severely compromised device 

performance. When exposed to intensive illumination, ions in perovskite begin to 

rearrange, resulting into ununiform perovskite phase (I-rich domains and Br-rich 

domains), which is even severe for multiple cations compositions. As we have 

mentioned, the ratio of I/Br is utilized to adjust the bandgap of perovskites. Therefore, 

the I-rich domain will have lower bandgap and carriers will generate lower voltage, 

which gives deviation of PCE.[11] Fortunately, this process is found to be reversible 

when light is shadowed, but the detrimental effect still exists during the operation of 

devices. Therefore, the segregation of halides still needed to be avoided. 
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2.4.5 Large-area Fabrication of Perovskites Solar Cells 

 

Figure 2.11. Hot methods of large-area fabrication.[54] 

The stability is the issue is considered because of the economic benefits; high 

operational stability definitely decreases the costs for long-term using of solar cells. 

Another issue for increasing the benefits is mass production methods for fabrication the 

solar cells. This problem is paramount because the majority of the fabrication methods 

is spin-coating, which is generally suitable to small-area fabrication and would waste 

the majority of solution.[12] Therefore, many other fabrication methods were studied, 

such as blade-coating, slot-die coating and screen-printing. Although the crystallization 

process of perovskite is always tough to control precisely, the efficiency (over 23%) of 

small area devices fabricated by some new methods have been approaching the spin 

coating method. But the efficiency of large area devices is still behind the highest 

efficiency now. The reasons not only lie with the perovskite layer, but also with the 

increased areas of other layers. For example, large area will cause phase nonuniformity 

and following decreased Jsc and Voc. Besides, the resistance of transparent electrodes 

will inevitably increase as the area increases.[12] Therefore, the performance of large-

area PSCs still needs improvements. The technology for producing small-area PSCs 

have begun to be mature and highly reproducible, but methods for the large-area 

fabrication seems still lack certain principles and instructions. And this step is 

especially important for the commercialization of perovskite solar cells. 



31 
 

2.5  Additive Engineering for Improving the Performance of 

Perovskite Solar Cells  

Significant progress has been made in the field of perovskite solar cells, with notable 

improvements in various characteristics that are crucial for commercialization. In 

addition to high efficiency, researchers have addressed key issues through dedicated 

efforts, resulting in the development of comprehensive instructional systems that guide 

further exploration. Compositional engineering, for instance, offers a straightforward 

yet effective approach to adjust the bandgap and stabilize the perovskite phase;[55] 

interfaces engineering can greatly passivate the defects at interfaces and facilitate the 

charge transportation by adjusting energy level alignment;[38] while solvents 

engineering can help better crystallization[56]. Additive engineering, a critical 

strategy for improving perovskite solar cells, entails the incorporation of various 

chemicals into the perovskite structure via the addition of precursors/antisolvents or 

post-treatment, leading to superior performance. Researchers have identified a plethora 

of additives that exhibit significant enhancing effects on perovskite solar cells, 

including defect passivation, increased crystallinity, perovskite phase stabilization, 

energy level alignment tuning, strain relief, and ion migration suppression. Moreover, 

many additives exhibit synergistic effects, contributing to the high-performance 

perovskite solar cells that are currently fabricated. Therefore, a concise but systematic 

introduction to additive engineering is warranted. 

In order to comprehensively understand the role of additives and account for their vast 

diversity, a concise classification is necessary to provide specific guidance. Various 

types of additives can be categorized based on their respective positions within the 

perovskite structure. Certain cations and ions possessing suitable or sufficiently small 

radii can integrate into the perovskite lattice, such as K+, Cd2+ and SCN−. And the 

majority of other additives stay at grain boundaries/ top or bottom surface. For example, 

organic molecules are generally large-size and have function groups, such as −OH 

(hydroxy), −NH2 (amino) and −SH (sulfhydryl). These functional groups provide 
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additional electron pairs to coordinate with unbonded atoms at the surface of the 

perovskite, thereby reducing defect density. Such molecules can be considered Lewis 

bases for their ability to donate electrons. In addition to these established additives, new 

types have been discovered in recent years, including low-dimensional 

perovskites, fullerene derivatives, and ionic liquids.  

2.5.1 Metal cations 

The periodic table of elements is dominated by a vast array of metals, with the position 

of each metal providing valuable guidance for researchers seeking to select suitable 

doping additives. Accordingly, it is a wise strategy to review the progress of research 

by following the chemical groups within the periodic table, which can offer valuable 

insights for the selection of appropriate additives. 

 

Figure 2.12 (a, b, c, d, e) The ion radius of alkali metals and their impacts to the 

perovskite solar cells.[57] 

For metal cations that used in perovskite, alkali metals are the most widely studied, for 

their potential of replacing A sites cations. Cs+ (167 pm) and Rb+ (152 pm) have suitable 

ion radius to fit into the perovskite lattice, K+ (138 pm), Na+ (102 pm) and Li+ (76 pm) 

are regarded as too small to stabilize the perovskite lattice but serve as interstitial ions 

or staying at grain boundaries instead (Figure 2.12). [57] Cs+ and Rb+ have been used to 

stabilize FA-based perovskite to form the multi-cations system for a long time, the 

hybridized perovskite systems still hold many record efficiencies now.[40, 48] Because 

FA+ is larger than ideal A site cation, the tolerance factor of FAPbI3 increase as 
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compared to MAPbI3, leading to structure distortion from ideal cubic one. By 

introducing small amount of Cs+ or Rb+ that have smaller ionic radius, the distortion 

can be released to some extent. And the shrank lattice strengthens the interactions 

among the perovskites and refrains ion migrations. The result shows that both thermal 

and photo stability are improved owing to a more stable perovskite phase. Besides, 

researchers also found that Rb+ could increase the conductivity and grain size and 

reduce capacitive current and nonradiative recombination of perovskite. The 

investigation of Cs+ and Rb+ have been very mature and widely adopted in many works 

and reviews owing to their contribution to the performance of PSCs, but for K+, debates 

still exist. For example, Cao and coworkers demonstrated that small amount of K+ ions 

that incorporated into Cs/MA/FA based perovskites tend to occupy the interstitial sites, 

thereby suppressing phase segregation and mitigating hysteresis by increasing the 

diffusion barriers energy for all diffusion paths.[57-58] On the contrast, Zheng et al. 

showed that the effect of K+ ions is activated by light illumination, which help to form 

immobile KBr/KI complexes on the surface and grain boundaries, instead of entering 

into the lattice. The mobile halide ions defects are reduced by forming such complexes, 

this further suppress the ion migration. [59-61] Moreover, such complexes are also 

beneficial to hole extraction efficiency by reducing the interface trapping defect 

density.[59] Although the exact location of K+ is still in debate, its conducive effects, 

such as suppressing ion migrations and hysteresis, are certain. Similarly, Na+ and Li+ 

can also enter perovskite lattice as interstitial atoms. The beneficial effects, such as 

facilitate the transformation from PbI2 to perovskite, enlarge grain size and strengthen 

interfaces interactions, had been repeatedly validated.[62-63] 
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Figure 2.13 (a, b, c, d) The impact of alkaline metals to the energy alignment levels of 

perovskites.[64-66] 

Adjacent to the alkali elements in the periodic table are the alkaline earth metals, which 

possess similar outermost electron configurations, allowing for the potential formation 

of perovskite structures. However, pure perovskites based on Ca, Ba, and Sr exhibit 

bandgaps exceeding 3 eV according to computational analyses, while those based on 

Mg exhibit unstable lattice structures due to tolerance factors exceeding 1 (1.07). 

Nevertheless, some promising doping effects have been reported. For example, research 

shows that Ca2+ can work as hard Lewis acid to reduce the size of colloids in perovskite 

precursor and thereby enlarging the grain size. Besides, Ca2+ can form oxide 

compounds (CaO and CaCO3) at the surface of perovskites, providing passivating and 

protecting effects.[65] Similarly, Sr2+ can also form oxide compounds (SrO, SrCO3 and 

Sr(C2H3O2)2) at surface and function as n-type materials to facilitate electrons 

extraction and elevate the fill factor over 85%.[66] The similar electronic configuration 

enables the potential for Mg/Ca/Sr/Ba enter perovskite lattice, but the change to 

bandgap and energy level is negligible (Figure 2.13). 

The d-block and ds-block of the periodic table contain numerous metal elements with 

+1 or +2 valence states, many of which possess properties that are similar but distinct 

from those of the alkali and alkaline earth metals. For example, the group containing 

Cu, Ag, and Au has been investigated for potential use in perovskite solar cells. Cu(I) 

compounds, such as CuI and CuSCN, were early utilized as hole transporting layer 

(HTL) in other solar cells. Because Cu(I) additives were found to be interstitial doping 

in lattice and also have negligible impact to the crystallization process or morphology, 

therefore, researchers use Cu(I) additives in perovskite mainly for tuning their hole 

transporting ability or facilitating the HTL-free devices.[67] For Cu (II) additives, the 

introduction into perovskite precursor can form CuBr2-DMSO-PbI2 intermediate and 

therefore larger grain size and smoother surface.[68] Ag(I) have similar ion radius with 

Pb2+ and thus able to replace Pb2+ in perovskite lattice, but the coordination ability (4 
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atoms) is much less than Pb2+(12) in perovskites[69]. Therefore, there are Ag/Bi bi-metal 

perovskite solar cells for replacing the toxic Pb, but the efficiency is still very low. 

Researchers have found that both Ag+ and Cu+ serve as p-type dopants in perovskite 

when added as additives, leading to a downshift of the Fermi level towards the valence 

band edge. Ionic gold (Au) possesses two valence states (+1 and +3), both of which are 

unstable and easily revert back to gold. The use of Au in perovskites is limited due to 

its primary use as an electrode in conventional structures and its contribution to the fast 

degradation of perovskite. Nevertheless, some studies have reported the beneficial 

effects of Au nanoparticles on perovskite solar cells.[70] 

Apart from the typical ds-region metal Cu/Ag/Au, d region also contains many widely 

studied metals. For instance, Mn2+ showed multiple conducive effects to the Cs+-based 

perovskites. Mn2+ can enter perovskite lattice of CsPbX3, which enable perovskites to 

form electronic states in the mid-gap region and generate unique charge transfer 

dynamics.[71] Besides, excessive Mn2+ that stay at grain boundaries can deliver defect 

passivation effect and enhanced hole extraction efficiency.[72] Apart from Mn2+, Co2+ 

was also reported to capable of entering perovskite lattice, but results in negative effects 

by promoting a transformation from cubic phase to tetragonal phase and decreasing 

grain size.[73] But for the effects of various fabrication methods, the functions of Co2+ 

is remain in debating.[74] Fe2+ is considered as in the same situation with Co2+, the 

detrimental effects by doping Fe2+ are well known in many semiconductors. The 

degraded performance is demonstrated even when Fe2+ is less than 1ppm. Therefore, 

studies show that Fe2+ can also deteriorate perovskite performance when incorporation 

concentration low to 10 ppm.[75] Although there are also reports claimed that 2% doping 

pf FeCl2 can elongate the carrier lifetimes, the easily oxidation issue of Fe2+ remain 

unsolved.[76]  

The investigation of metal additives is paramount, not only for the purpose of elevating 

lead-based PSCs, but also for the potentials of substituting Pb2+ due to the deadly 

toxicity of Pb2+ and scientists’ growing interests in lead-free perovskite solar cells. 
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Besides, recent studies in interfaces engineering pull many researchers’ interests back 

to metal ion doping. Because they found that by post treating perovskite thin films with 

very low concentration of metal ions, the beneficial doping gains can be huge. 

2.5.2 Ammonium Salts 

The highest efficiency of PSCs was achieved on organic-inorganic hybrid perovskites. 

In the hybrid perovskites, MA+ and FA+ are the most widely studied A sites cations. 

The ammonium salts composed by MA+/ FA+, such as MACl (methylammonium 

Chloride) and MABr (methylammonium bromide), were found to be multi-functional 

when introduced as extra additives. Besides, the inorganic part such as pseudohalides, 

including SCN− (thiocyanate), PF6
− (hexafluorophosphate) and BF4

− 

(hexafluorophosphate), were also reported to have various conducive effects to 

perovskites. More importantly, the diversity of organic ammonium salts enables 

researchers to obtain much more opportunities to adjust the effects by synthesizing 

ammonium salts with various structures. And the versatile functions of some typical 

ammonium salts will be introduced in this section.  

MACl is a prevalent additive now in lots of high-performance PSCs due to its huge 

impact to the crystallization process. High concentration of MACl that usually more 

than 30% was utilized to help mediate the perovskite phase transformation.[77-79] The 

grain size can be increased to several times larger than the control sample, such huge 

improvements in perovskites thin films quality was attributed to the prominently 

reduced formation energy of light-active cubic perovskite phase, which starts to 

facilitate the phase transformation even without annealing.[77] More importantly, the 

introduced MACl will be removed during the annealing process due to the low 

evaporation temperature of MA+, thus causing neglected impact to the bandgap of 

perovskites. Apart from MACl, there are also many other ammonium salts with similar 

functions, such as FACl[80] and FABr[81]. 
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Figure 2.14. The structures of various ammonium salts. 

The ammonium salts that could be incorporated into perovskite lattice is restricted by 

the cation size, which makes the choices of ammonium salts very limited. But one 

important part in ammonium salts is amino groups, which provides the interactional 

sites with Pb2+ and affects the crystallization process. Therefore, large size ammonium 

salts can also have great impact to the quality of perovskite thin films, especially at 

surface and grain boundaries. For example, Seok and coworkers incorporated 

isopropylammonium chloride (iPAmHCl) to stabilize the α-FAPbI3 phase and delivered 

certified efficiency over 23.9%.[51] Characterization shows that isopropylammonium 

cations (iPAmH+, Figure 2.14) formed at around grain boundaries by a side chemical 

reaction between IPA and MACl, which contributes to the reduced defect density and 

stable light-active phase. Besides, another example is quaternary ammonium halides 

(QAHs) with a structure of NR4
+X−, Huang et al. reported a universal passivation effect 

by introducing quaternary ammonium halides such as L-α-phosphatidylcholine and 

choline chloride (Figure 2.14).[82] Although no extra function groups are introduced 

except from the original amines, the function of various ammonium halides can still be 

distinct. This is because the structures of alkyl chains or aromatic rings can also have 

great impact to things like hydrophobic ability, diploe moment and formation of 

intermolecular interactions (hydrogen bonds, π -π interactions, etc.). These easily 

neglected factors may affect the formation energy, moisture resistant ability and energy 

level alignments. 

Another classical example is phenethyl ammonium iodide (PEAI, Figure 2.14), which 

contains an aromatic ring as compared to alkyl chains amines. The aromatic ring makes 
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PEAI impossible to be incorporated into the 3D perovskite lattice, but also endows 

PEAI with special functions. PEAI is widely used both in the grain boundaries 

passivation as well as surface modification by direct adding to precursors or 

posttreatment. The passivating effect have been widely confirmed in many works, but 

the passivating mechanism is still under debate. For example, You and coworkers 

demonstrated that perovskite thin films post treated by PEAI dose not forms 2D 

perovskites around surface and grain boundaries.[83] It is single PEA+ molecule instead 

of PEA2PbI4 that enhances the device performance by passivating iodine vacancies. 

However, many other works claims that PEA+ molecule tends to form PEA2PbI4 when 

added to the perovskite thin film, and the 2D perovskites can tune the energy alignment 

with charge transporting layer as well as passivating defects around surface and grain 

boundaries.[84-85] It is now believed that the passivating mechanism is strongly 

associated with the perovskite compositions and fabrication methods. But it is definitely 

necessary to figure out the potential affecting factors to the different passivation 

mechanism, which may provide additional instructions to design new passivating 

agents. For instance, researchers utilized fluoridated or brominated PEAI to achieve 

enhanced passivating effects or provide addition functions, such as moisture-resistant 

ability, to elevate the performance of PSCs.[86-88] 

We have mentioned the potential of forming 2D perovskites when adding ammonium 

salts directly to 3D perovskites, many researchers took advantage of this trait to modify 

the perovskite surface with 2D perovskites by posttreatment with various ammonium 

salts. Such surface modification enables researchers to fabricate inverted PSCs with 

efficiency over 24%. The structure of ammonium salts shows great impact to the 

formation of 2D perovskites. In the introduction section, we mentioned that the bandgap 

of 2D perovskites depends on the n value, which refers to the number of octahedron 

perovskite layers. Large n value suggests an approaching to pure 3D perovskites and 

narrow bandgaps, and the control of exact n value of 2D perovskites remains a tough 

issue. By construction heterojunction on the 3D perovskite surface with 2D perovskites, 

the energy level alignment can be well adjusted towards charge transporting layer, 
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thereby facilitating the charge extraction efficiency. For example, Sargent et al. 

demonstrated preferential growth of n≥3 2D perovskites on perovskites with inverted 

structure, avoiding the formation of small n 2D perovskites that have unfavorable wide 

bandgap.[89] Such preferential growth was realized through the design of ammonium 

salts, they found that PEA tends to form 2D perovskite with n = 2, but 3F-PEA is more 

inclined to form 2D perovskite with n = 3, which is more favorable to construct a 

suitable heterojunction. The differential growth reason lies with the extra fluorine atom, 

which cause steric hindrance and larger strain, therefore slower intercalation. Besides, 

the theoretical calculation shows lower formation energy 2D perovskite with n = 3 when 

used 3F-PEA as spacers.[89] The steric hindrance effect was also observed with 

oleylammonium-iodide (OLAI, Figure 2.14), which has 18 C atoms in alkyl chains, 

Randi and coworkers utilized OLAI to precisely control the 2D perovskite with n = 2. 

The 2D perovskite with long alkyl chain provide extremely water-resistant ability to 

the entire device, which retained more than 95% of initial efficiency after 1000 hours 

stored in damp-heat conditions.[53] 

The investigation in ammonium salts have enabled researchers to be well guided when 

choosing them, but the progress is far from enough. Not only because the great 

improvements brought by ammonium salts for PSCs, but also for the potential of 

exploring for new types of perovskites, which is remarkably paramount for low-

dimensional perovskites since organic spacers are the main compositions. 

2.5.3 Organic Molecules  

The development of synthetical of organic chemistry have push forward many 

materials-related areas. The diverse functional groups in organic molecules provide 

many instructional strategies to elevate the performance of PSCs. For example, 

ammonium salts are organic molecules that contain acidated amines. Apart from amine 

group, there are many other functional groups that could interact with perovskites, such 

as −COOH, −C=O and −OH.  These function groups can play multiple roles in the 
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formation of perovskites, these roles are reviewed to be critically important to the 

performance of PSCs. Besides, thanks to the diversities of organic molecules, 

researchers have explored vast pools of organic additives that possess prominently 

positive effects to the PSCs. 

 

Figure 2.15. The structures of various organic molecules added into perovskites. 

The raw materials of perovskites need organic solvents for dissolving and 

recrystallizing into thin films. The dissolving and recrystallization process are all 

involved the formation of intermediate with solvents, such intermediate determines the 

solubility as well as the crystallization speed. For example, the N, N-dimethylsulfoxide 

(DMSO, Figure 2.15) and N-methyl-2-pyrrolidone (NMP) are −C=O / −S=O based 

organic solvents, DMSO have become the most common solvents as N, N-
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dimethylformamide (DMF). The −S=O group can interact with Pb2+ to form perovskite-

DMSO intermediate, which slow down the phase transformation of intermediate 

towards perovskite phase and thereby enlarging the grain size. Besides, different ratio 

of DMSO generate different perovskite-DMSO intermediates, which have various 

formation energy towards the light-active phase.[56, 90-91] The drawback of DMSO was 

also recently reported, Huang’s work demonstrated the high evaporation temperature 

of DMSO will cause numerous pinholes in the bottom surface of perovskites because 

the late evaporation, which severely compromised the device performance. Therefore, 

they substituted DMSO with carbohydrazide (Figure 2.15), a solid organic additive that 

has −C=O group, to avoid of late evaporation induced pinholes. The −C=O group can 

function as −S=O group in DMSO to interact with Pb2+ and form intermediate but 

avoids the potential issues. The impact of −C=O group to perovskite crystallization was 

also observed in caffeine, which contains two −C=O groups.[92] Apart from playing 

roles in crystallization process, the −C=O group can also passivate perovskite grain 

boundaries due to the coordinating ability of −C=O group, where the oxygen atoms 

provide electron lone pairs to unbonded Pb2+.[93] 

The coordinating ability of oxygen in −C=O group is attributed to the electron lone 

pairs, such chemicals are also called Lewis base. Many functional groups can serve as 

Lewis base to interact with perovskites, such as the −S=O group, −NH2 and −SH 

(sulfhydryl group)[94]. Their ability to donor extra electrons, also called basicity, can be 

tuned by attaching different atoms on near chains. Apart from the Lewis base type 

additives, hydrogen bond in organic molecules is another common force to interact with 

perovskites. For instance, functional groups like −COOH, −COH and −OH can provide 

vast pools of hydrogen bonds. Han et al. introducing poly(vinyl alcohol) (PVA, Figure 

2.15) into FASnI3 to provide nucleation sites and direct the crystal orientation for better 

thin film quality. The strong O−H…I− hydrogen bonds can also fix the easily migrate I 

atoms and thereby suppressing ion migrations and enhancing long-term stability. [95] 
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Both coordination bonds and hydrogen bonds are affecting the perovskites by forming 

direct forces. The majority of the organic molecules show their potentials in this way, 

but there are many organic molecules affect the perovskite with an indirect way. For 

example, strain management is another hot topic in recent years. The strain in 

perovskite comes from the distorted lattice, which is caused by multiple potential 

reasons such as fabrication method and are common problems in many perovskite 

systems. Reducing strain can enhance PCE as well as device stability. Li and coworkers 

used trimethylolpropane triacrylate (TMTA, Figure 2.15) to post treat perovskite thin 

films and regulate the surface strain by recrystallization.[96] The partial dissolve of 

perovskite thin film enables the TMTA to take part in the recrystallization process, 

therefore releasing the surface strain. Similarly, Loo and coworkers utilized 

alkyltrimethoxysilane (Figure 2.15) to construct a strain-release layer at the interface 

between perovskite and TiO2.
[97] The strain-release layer can reduce the lattice 

distortion of above perovskites, resulting into enhanced light-active perovskite phase. 

Apart from the strain-releasing function, organic molecules can also tune the p/n type 

of perovskite thin films. Huang and coworkers designed a organic molecule PT-TPA 

(Figure 2.15)(4,4′,4″,4′″-(pyrazine-2,3,5,6-tetrayl) tetrakis (N,Nbis(4-methoxyphenyl) 

aniline) with donor-acceptor structure, which induces intermolecular charge transfer 

and p-type doping effects.[98] By modifying the perovskite surface with PT-TPA, a band 

bending effect forms and facilitate the charge extraction efficiency. Another typical p/n 

transformation used a nature organic molecule, capsaicin. Bao et al. introduced 

capsaicin directly into MAPbI3 and fount that capsaicin (Figure 2.15) mainly locates 

around top side of perovskite thin films and cause a direct transformation from p to n 

type perovskites. Capsaicin also contains −C=O group that could passivate the defects 

in perovskites.[99] Therefore, the synergistic effects of introducing capsaicin helped to 

achieve the highest records efficiency on MAPbI3 based PSCs. 

In summary, the diverse and multitasking organic additives have help researchers to 

reap and accumulate lots of experience in designing new types of additives. Although 

organic additives have been widely investigated, and their mechanism can be partially 
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classified by the functional groups in the organic molecules, the mechanism of many 

new functions are still unclear. For example, the reason of p/n type transformation by 

doping capsaicin was not given in the study, which is critically significant to design 

new additives to achieve enhanced effects. Moreover, the functions of various organic 

additives are separately effective, is it possible to achieve multiple effects with one 

organic additive? The synergistic effects between each additive are also paramount to 

harvest PSCs with higher efficiency and stability. 

2.5.4 Low-dimensional Perovskites  

In the introduction section, we provided a basic overview of low-dimensional 

perovskites, including 2D PSCs and quantum dot LEDs, which have garnered 

significant attention due to their high stability, quantum confinement, and diverse 

properties. Although these traits can be both advantageous and disadvantageous 

depending on the desired application, researchers have found that incorporating low-

dimensional perovskites as additives in 3D PSCs can maintain the efficient light-

harvesting ability of 3D perovskites while overcoming the poor charge transportation 

in low-dimensional perovskites, resulting in significant improvements in 3D PSC 

device performance. This effect is evident from the examples discussed in the previous 

chapter, which illustrate the construction of heterojunctions on 3D perovskites through 

surface treatments of ammonium salts.  

 

Figure 2.16. Schemes of perovskites device with low dimensional perovskites.[100] 
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The initial purpose of introducing low-dimensional perovskites into 3D perovskites is 

to stabilize the unstable perovskite phase such as FAPbI3 and CsPbI3. Yang and 

coworkers incorporated PEA2PbI4 into FAPbI3 to obtain pure phase FAPbI3. And 2D 

perovskites stay at and passivate grain boundaries and surfaces, which greatly reduces 

the defect density and elongates carrier lifetimes.[100] An interesting phenomenon is that 

the effect of adding 2D perovskites or their counterpart ammonium salts is different, 

this is due to the intermediate in the precursor solution result in different formation 

states during the crystallization process, but this phenomenon is still in debate.[84, 101-102] 

Different from constructing heterojunction on the surface with 2D perovskites, the 

direct addition is a widely adopted passivation method that suitable for perovskites with 

various compositions, which includes narrow/wide bandgap perovskites and tandem 

PSCs.[84, 103] Apart from the most widely used PEA2PbI4, Zhang and coworkers utilized 

EDAPbI4 (EDA:ethylenediamine), a 2D perovskite composed of diamine to stabilize 

CsPbI3.
[104] In recent years, this area had grown into a brand-new area, which studies 

the performance of 2D/3D mixed perovskites, which also called quasi 2D perovskites.  

 

Figure 2.17. The structures of 1D perovskites PbI2-FAI-PZPY in 3D perovskites. [105] 

Except from the mixed 2D/3D perovskites, researchers also incorporated 1D perovskite 

to boost the performance of 3D perovskite. Mai et al. added 2-(1H-pyrazol-1-

yl)pyridine (PZPY) into 3D perovskites to form 1D perovskites and construct 1D-3D 
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heterojunction structure (Figure 2.17).[105] Apart from passivating the defects in 3D 

perovskites, the 1D perovskites possess flexible liner alignment, which provides the 

entire device thermodynamic self-repairing ability as well as higher thermal stability. 

Similarly, Fan and coworkers used bipyridine (BPy) to construct 1D perovskites with 

lattice that matching the lattice of 3D perovskites. The hybrid perovskites delivered an 

enhanced device efficiency and stability.[106] The surface modification by 2D 

perovskites is a very popular method in the hybrid 2D/3D perovskites, there are also 

works reported similar role of 1D perovskites, but the progress is far lag behind the 

utilization of 2D perovskites. For example, Chen and coworkers used a polymer cross-

lined by propargylammonium (PAI) that contain amine groups to construct the 1D 

perovskites on top of 3D perovskites. The formed 1D perovskites can effectively 

passivate grain boundaries, restrain ion migrations and enhance operational stability.[107] 

The utilization of 0D perovskites was also demonstrated to promote the performance of 

PSCs based on 3D perovskites. For example, Zhu and coworkers in situ synthesize 

various 0D perovskites on CsPbI3 by tuning the stoichiometry of the precursors between 

CsI and PbI2. A suitable 0D perovskite Cs4PbI6 was chosen to stabilize the black phase 

of CsPbI3, which helped to deliver the record efficiency of all-inorganic PSCs at that 

time.[108] The similar stabilizing effect of 0D perovskites was also supported by Yao’s 

work, which used Cs4Pb(IBr)6 also to stabilize the all-inorganic perovskite 

CsPbI3−xBrx.
[109] The works mentioned above are the studies in all-inorganic 

perovskites, which is easier to fabricate 0D perovskites via in situ methods. Recently, 

Wu and coworkers utilized 1,4-bis(amino-methyl)benzene dihydroiodide (p-PBAI2) 

and 1,3-bis(aminomethyl)benzene dihydroiodide (m-PBAI2) to construct 0D 

perovskites as capping layer for PSCs with efficiency over 24%, which demonstrates 

the potential of  0D perovskites.[110] However, the works relating to 0D perovskites used 

in 3D perovskites are far less as compared to the works in 2D and 1D perovskites. The 

potential reason may be ascribed to the severe quantum confinement effects caused 

compromised charge transporting efficiency, which needs judiciously choose the types 

of 0D perovskites.  
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To summarize, various types of low-dimensional perovskites are effective additives for 

enhancing the performance of 3D perovskites in PSCs. Due to their wide bandgap 

and quantum confinement, low-dimensional perovskites are typically doped in low 

concentrations or applied as surface medication layers to passivate the surface and grain 

boundaries of 3D perovskites. Moreover, the easily adjustable bandgap of low-

dimensional perovskites enables the construction of heterojunctions with 3D 

perovskites, facilitating charge transportation and extraction. The exceptional stability 

of low-dimensional perovskites also contributes to the creation of more stable 3D 

perovskites, thereby enhancing the long-term stability of PSCs. 

2.5.5 Ionic Liquids  

Ionic liquids have gained increasing attention in the materials science field due to their 

unique chemical and physical properties, despite their initial use as solvents in green 

synthesis. Typically composed of asymmetric organic cations and organic or inorganic 

ions with easily tunable structures, the diverse range of ionic liquids enables 

researchers to design materials with ideal functions. The numerous hydrogen bonds 

and hydrophobic forces present in ionic liquids can affect the properties of both the 

liquids themselves and the crystallization process of perovskites. Moreover, the ionic 

nature of ionic liquids has significant impacts on defects passivation, charge 

transportation, and energy alignment. In this regard, we will provide a brief summary 

of typical works demonstrating the potential of ionic liquids in perovskite solar cells. 
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Figure 2.18. Structures of some common parts used in ionic liquids. 

Ionic liquids have great impact to the nucleation process, they are inclined to form nano 

sized aggregates and facilitate the nucleation of perovskites to form large grain size. 

For instance, Taima and coworkers utilized 1-hexyl-3-methylimidazolium chloride 

(HMImCl) to effectively enhance the crystallinity of perovskites by forming uniform 

spherical nanoparticles in the precursor solution.[111] Like the widely used solvent 

additive DMSO, many ionic liquids are solvents themselves. Taking advantage of the 

organic parts in ionic liquids, they can coordinate with perovskite composition by 

forming coordinate bonds or hydrogen bonds. These interactions play vital roles in the 

dissolving of perovskites precursors and formation of intermediates. For example, Seo 

et al. used methylammonium formate (MAFa) to tune the crystallization process by 

using the HCOO− to interact with Pb2+, which can slow down the crystallization speed 

and enlarge grain size.[112] Such coordination ability enables the ionic liquids to serve 

as the exclusive solvents in large area fabrication methods, such as screen printing. 

Another hot ionic liquid is methylammonium acetate (MAAc), which will evaporate 

during annealing process and cause neglected impact to perovskite composition. Huang 

and coworkers reported that MAAc could insert into PbI2 interlayer space to form 

MAPbI3-xAcx intermediate phase, which may reduce perovskite formation energy and 

annealing temperature.[113] Another paramount for the widely studied ionic liquids is 

their improvements in perovskite stability. For example, Henry and coworkers 
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incorporated 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4) into the 

perovskite precursors, which could hugely increase the thermal stability and light-

soaking stability.[114] The components in ionic liquids interact with the perovskites to 

immobilize the ions at grain boundaries and surfaces and thereby restrain the ion 

migrations and degradation, which is vital to retain the stability of overall devices. In 

another Henry’s work, they introduced another ionic liquid 1-butyl-1-

methylpiperidinium tetrafluoroborate ([BMP]+[BF4]
−) to improve the performance of 

PSCs.[115] Standing from the degradation mechanism, they proposed the plausible 

reasons for the improved stability brought by the ionic liquids, which is attributed to 

the suppressed formation of Frenkel defects. 

Apart from direct doping strategy, ionic liquids are also used to modify the perovskite 

surface. The strong dipolar polarization of ionic liquids endows them special physical 

properties. For example, 1-butyl-3-methylimidazolium tetrafluoroborate (BMImBF4) 

was incorporated to modify the electron transporting layer TiO2, which promotes a 

smoother TiO2 surface, reduced work function and higher carriers transporting 

efficiency.[116] Similar works were also carried out to use ionic liquids to modify the 

charge transportation layer, such as SnO2, ZnO, NiOx and PEDOT: PSS.[117] Owing to 

the ionic nature, some ionic liquids are good conductivity and serve as charge 

transporting layer. Therefore, ionic liquids are used to modify the surface of perovskites 

in HTL-free PSCs. For instance, 1-butyl-2,3-dimethylimidazolium chloride 

(BMMImCl) was adopted to passivate the defects on the surface of perovskite in 

carbon-based HTL-free CsPbBr3 PSCs.[118] The ionic liquid layer can tune the energy 

level of perovskite surface towards the energy level of carbon electrode, which enables 

the valence band of perovskites move close to the work function of carbon electrode. 

Besides, the organic parts in ionic liquids can be installed with function groups to 

interact with the perovskites. Therefore, ionic liquids that used to modify the perovskite 

surface can also passivate the defects at surfaces and grain boundaries. 
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2.5.6 Conclusions and Prospects 

The rapid progress of perovskite solar cells is closely tied to the use of various additives. 

In this regard, we have provided a brief overview of some of the most widely used 

additives, including metal cations, ammonium salts, organic molecules, low-

dimensional perovskites, and ionic liquids. However, this list is far from comprehensive, 

given that additive engineering is the most common strategy for enhancing the 

performance of PSCs from every aspect, and researchers have employed a wide range 

of additives to achieve many record efficiencies. In light of these advances, it is 

important to address potential problems and consider future prospects for the 

commercialization of PSCs. 

The extensive research on additives for perovskite solar cells is driven by their 

significant and diverse effects. The development of additive strategies has led to the 

formation of systematic principles that provide instructive guidance to researchers. 

Many additives, such as MACl and PEAI, have become commonplace in 

various perovskite compositions due to their well-established mechanisms and 

beneficial effects. However, the search for new additives, including novel types such as 

hot ionic liquids, and those that can be employed in perovskites is far from complete, 

and the diversity of additives will continue to expand with the development of synthesis 

chemistry. Additionally, the relationship among various additives when added to the 

same perovskite system is a critical issue, as a single additive may not resolve all issues. 

It is common to add multiple additives to improve PSC performance from various 

aspects. The synergistic effects among these additives are not always straightforward, 

as the introduction of one additive may enhance, complement, or even compromise the 

effects of another. This aspect is less investigated than the exploration of new additives, 

making further study of additives necessary. In this regard, we will illustrate a new 

additive and a synergistic effect between two additives that enhance PSC efficiency to 

over 23%. 
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Chapter 3 KBF4 Additive for Alleviating Microstrain, 

Improving Crystallinity and Passivating Defects in 

Inverted Perovskite Solar Cells 

In this part, we introduce a small amount of KBF4 as an additive to elevate the quality 

of triple-cation mixed perovskite thin films. We find that KBF4 can enhance the 

crystallinity and alleviate microstrain of the perovskite thin films. Moreover, KBF4 can 

passivate defects in perovskite grains, leading to much longer carrier lifetimes. 

Consequently, the resultant devices show improved fill factor, enhanced device 

efficiency and better device stability. Under optimum fabrication conditions, triple-

cation mixed perovskite solar cells with an inverted structure show power conversion 

efficiency over 23% as well as excellent stability under different conditions. 

3.1  Introduction 

The skyrocketing power conversion efficiency (PCE) of organic-inorganic halide 

perovskite solar cells (PSCs) has enabled them to be the most promising next-

generation photovoltaic technology. The merits, such as tunable semiconducting 

properties, relatively easy processing methods and inexpensive raw materials endow 

PSCs great potentials for commercialization.[119-120] Numerous efforts have been 

devoted to enhancing the device performance, including compositional engineering[55], 

interface engineering[121] and additive engineering[14, 31]. For various perovskite 

compositions, formamidine (FA)-based PSCs have delivered many record efficiencies 

owing to their high short circuit current density (Jsc) brought by the broad light 

absorption spectra.[122] However, FA-based perovskite has an unstable black α-phase 

and can easily undergo a phase transition from black α-phase to photo-inactivated-

phase below 150 °C. Multiple strategies had been put forward to tackle the unstable 

black α-phase. For instance, various additives, such as methylammonium thiocyanate 

(MASCN)[123], formamidine formate (FAHCOO)[124] and isopropylammonium chloride 
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(IPACl)[125] have been introduced into FA-based perovskites with promising effects. 

For compositional engineering, one of the strategy is to add a small amount of other A 

site cations such as MA+ (methylammonium) and Cs+ (cesium) to stabilize the black α-

phase by entropic stabilization effect without compromising the high Jsc.
[126-127] By 

adopting a triple-cation system, a stable black α-phase could be achieved under a much 

lower temperature (100 °C).[128] Moreover, the carrier lifetimes and transportation 

efficiency in a triple-cation system were also reported to be much longer and higher as 

compared to traditional double or single cation system.[128] Although great efforts have 

been devoted to further enhancing the performance of triple-cation based PSCs, many 

issues remain challenging. For example, the incorporation of A site cations with 

different size will lead to an increase of mircrostrain because of the distortion of the 

ideal structure.[129] Such mircrostrain may lead to defects and consequently 

nonradiative recombination, which will severely compromise the device efficiency and 

stability.[130-131]  

The device structure of PSCs could be generally classified into normal n-i-p type and 

inverted p-i-n type. Although the record efficiency for PSCs has been achieved in the 

normal type[122], the inverted PSCs are even more popular in practical applications such 

as tandem solar cells[132], flexible electronics[133] and large-area devices by blade 

coating[134]. However, the fabrication of  inverted PSCs with high efficiency is more 

challenging.[135] Herein, we develop a convenient approach to improving the 

performance of inverted PSCs by introducing an inexpensive additive KBF4. With the 

addition of KBF4, the carrier lifetimes are prolonged in the perovskite layer, which can 

be attributed to the improved crystallinity, released lattice stain and defect passivation 

by the additive. Consequently, a champion inverted device with a PCE of 23.04% is 

achieved while control devices without the additive only show the highest efficiency of 

21.13%. Moreover, the device stability is increased by the additive. Therefore, this work 

provides a convenient approach to fabricating high-performance inverted PSCs. 
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3.2 Experimental Section 

Preparation of triple cation mixed Perovskite solution: the triple cation perovskite 

solution was prepared by mixing two 1.2 M FAPbI3 and MAPbBr3 perovskite solutions 

in DMF: DMSO (4:1 volume ratio, v: v) in a particular ratio (e.g. 95:5). The 1.2 M 

FAPbI3 solution was thereby prepared by dissolving FAI (722 mg) and PbI2 (2130 mg) 

in 2.8 mL DMF and 0.7 mL DMSO which contains a 10 molar % excess of PbI2. The 

1.2 M MAPbBr3 solution was made by dissolving MABr (470 mg) and PbBr2 (1696 

mg) in 2.8 mL DMF and 0.7 mL DMSO which contains a 10 molar % excess of PbBr2. 

PEA2PbI4 solution was prepared by mixing 489mg PEAI and 461mg PbI2 in 800 µL 

DMF. Lastly, 40 µL of a 1.5 CsI solution in DMSO (389 mg CsI in 1 mL DMSO) was 

mixed with 960 µL of the above-described mixture of FAPbI3 and MAPbBr3 resulting 

in a nominal perovskite stoichiometry of Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3, 

respectively. And 0.5 µL of PEA2PbI4 solution are added to the mixed perovskite 

solution to improve the device performance. 

Device fabrication: To fabricate a device structure of glass/ ITO/ PTAA/ Perovskite/ 

PCBM/ BCP/ Ag, ITO glass substrates were ultrasonically cleaned by deionized (DI) 

water, acetone and isopropanol for 15 min, respectively. Then, the cleaned ITO 

substrates were dealt with air plasma for 8 mins before use. Then the substrates were 

transferred to N2 glovebox. After the substrates were transferred into glovebox, 

poly(triaryl amine) (PTAA) solution (2 mg mL-1) was spin-coated at 5000 rpm for 30 s 

and annealed at 100 ℃ for 10 min. The substrates were cool down to room temperature 

before use. 1.2 M perovskite precursor solutions were constructed by mixing FAI, PbI2, 

MABr, PbBr2 and CsI in DMF: DMSO mixed solvent with a chemical formula of 

Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3. 50 μL of the prepared precursor solution was 

spin-coated at 1000 rpm for 10 s and 5000 rpm for 30 s onto the PTAA-coated ITO 

substrate, 50 μL CB as anti-solvent was dripped on the film at 10 s before the end of 

the last procedure and then annealed at 100°C for 30 min. Afterward, PCBM (20 mg 

mL-1) and BCP (0.5 mg mL-1) were spin-coated on the films at 1500 rpm for 60 s and 
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4500 rpm for 30 s, respectively. For solution with KBF4, different molar ratio of KBF4 

was added to the original 1.2 M FAPbI3 solution. Finally, 200 nm silver electrodes were 

thermally evaporated onto the films at a chamber pressure of 10-7 Torr with a deposition 

rate of 0.5 Å s-1. The active area of rigid PSC is 0.048 cm2 and flexible PSC is 0.01 cm2. 

Characterization: J-V curves were measured by a Keithley 2400 source meter with a 

solar simulator under AM 1.5 G one sun illumination (Newport 66902). The scanning 

rate was 100 mV s-1 with a voltage step of 10 mV. The EQE of the PSCs was obtained 

from an EQE system under DC mode. To reduce the optical reflection loss, an 

antireflection (AR) layer was added on the glass side during the test of the champion 

5 ℃ antisolvent treated devices. SEM images were measured by a field-emission SEM 

(Tescan MAIA3). XRD patterns were measured using Cu Kα radiation (Rigaku, 

Smartlab) to analyze the crystallization of perovskite. PL was measured by the FLS 920 

(Edinburgh Instruments, Ltd) with excitation at 645 nm. 

Statistical Analysis: The data, figure and statistical graph (J-V curves, XRD figures, 

XPS figures, Williamson−Hall plots, PL, UV-vis, SCLC, EQE, stability tests) in the 

article is pre-processed and drawn by Origin Pro (ver. 2019). The SEM figure is 

processed by Digital Micrograph (ver. 3.4). The AFM figure is processed by NanoScope 

Analysis (ver. 1.7). 

Computational methods: DFT: All DFT simulations were conducted using Quantum 

Expresso (ver. 6.5).[136] All the structures were fully relaxed before the DOS and charge 

density calculations. The relaxation was performed under Perdew, Burke and Ernzerhof 

(PBE) exchange-correlation functionals[137] with projector augmented wave (PAW) 

method. The electronic convergence criterion was set to be 1 x 10-6 eV.  A plane wave 

basis set of 450 eV cut-off energy was used. 
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3.3 Results and Discussion 

 

Figure 3.1. (a) The XRD patterns of triple cation mixed perovskite with and without 

KBF4. (b, c) XPS spectra of F 1s (b) and Pb 4f (c) for the perovskite films with and 

without KBF4. (d, e) The plane-view SEM images of thin films with and without the 

addition of KBF4. (f) The distribution of the grain size of perovskite with and without 

the addition of KBF4.  

A one-step spin-coating method with chlorobenzene antisolvent washing is used to 

process the KBF4 mixed Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3 film in this study as 

reported earlier. [138-139] KBF4 is employed with different molar ratios as additive to mix 

into perovskite precursor solutions. The detailed information for processing is described 

in the supporting information. Due to the similar ionic radius of BF4
− (218 pm) and s, 

BF4
− may enter into the perovskite lattice to replace I− ions.[140] Therefore, X-ray 

diffraction patterns (XRD) and X-ray photoelectron spectroscopy (XPS) were 

employed to determine the change in perovskite crystal lattice and chemical states. As 

shown in Figure 3.1a, no new peak can be observed in the XRD patterns after the 

addition of 1.5% KBF4, indicating that the introduction of KBF4 does not lead to a new 

perovskite phase. Besides, the enhanced peak intensity indicates potentially better 

perovskite texturing or crystallinity. The peaks of unreacted PbI2 can be attributed to 

the extra stoichiometric ratio of PbI2, which is mainly for defects passivation at the 
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grain boundaries of perovskite.[141-142] Notably, as shown in Figure 3.2, some peaks 

(001, 002, 022) shift to smaller angles for 0.07 degree, indicating an expanded crystal 

lattice and larger lattice constants induced by the substitution of I− with BF4
−. In the 

XPS spectra shown in Figure 3.1b, the characteristic peak of F 1s can be observed at 

693.49 eV in a perovskite thin film with 1.5% KBF4, while it is absent in a control 

sample without the additive. This result confirms the successful introduction of KBF4 

in the perovskite film. Besides, the characteristic peaks of Pb 4f at 138.77 eV(4f7/2) and 

143.63 eV (4f5/2) shift to higher binding energy after the incorporation of KBF4 due to 

the high electronegativity of F atoms, suggesting a potential interaction between Pb2+ 

and BF4
−.The expanded lattice structure is attributed the longer covalent bond between 

Pb2+ and BF4
−. Although the ionic radius of BF4

− is slightly smaller than I−, the 

interaction between Pb2+ and BF4
− is weaker than that between Pb2+ and I− because the 

higher polarizability of I− will facilitate the hybridization with Pb2+ and lead to a 

stronger interaction. Moreover, the spherical electron cloud of I− is also conducive to 

hybridization as compared to the tetrahedral one of BF4
−.[143]  
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Figure 3.2. A zoom-in XRD patterns of triple cation mixed perovskite with 1.5% and 

without KBF4. 

To investigate the impact of KBF4 to the morphology of triple-cation mixed perovskite, 

the perovskite films were characterized under scanning electron microscopy (SEM). As 

showed in Figure 3.1d and 3.1e, the average grain size of the perovskite obviously 

increases after the addition of KBF4, which is clearly presented in the statistical graph 
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of grain size (Figure 3.1f). The enhancement of the crystallinity can be attributed to 

slower crystallization process due to increased Gibbs energy of perovskite nucleation 

with the incorporation of pseudo-halide ions into perovskite lattice.[144] The resulting 

larger grain size can lead to reduced defect density and longer carrier lifetime that will 

be characterized in the later part. The roughness of the perovskite thin film was then 

measured by Atomic Force Microscope (AFM), as shown in Figure 3.3, the roughness 

remained almost unchanged when 1.5% KBF4 was added. However, it increased 

dramatically from 23.0 to 52.1 nm when 3.0% KBF4 is applied, indicating a degraded 

surface morphology. 

 

Figure 3.3. The AFM figure of the perovskite thin film with different ration of KBF4.  
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Figure 3.4. (a, b, c) Williamson−Hall plots obtained from XRD patterns of perovskite 

thin films with different ratios of KBF4. (d) The trend of microstrain and crystallite 

size obtained from fitted Williamson−Hall plots. 

Next, the mircrostrain in perovskite films were characterized by Williamson-Hall 

analysis (See supporting information, Figure 3.4). Microstrain of a perovskite film is 

strongly associated with compositional inhomogeneity. In addition, experimental 

conditions such as annealing temperature could have impact on it.[145]  The grain size 

and the internal strain can be evaluated from the Williamson-Hall analysis of XRD 

patterns quantitatively by the relationship plot of 𝛽ℎ𝑘𝑙 × 𝑐𝑜𝑠(𝜃) = 𝐾𝜆 𝐷 + 4휀 × 

𝑠𝑖𝑛(𝜃),[129] where β is the full width half maximum (FWHM) of diffraction peaks, ℎ, 𝑘, 

and 𝑙 are the Miller index, K is the shape factor that is 0.9 for a cubic structure, λ is the 

wavelength of the incident X‐rays and D is crystallite size. Figure 3.4a-c show the 

Williamson-Hall analysis based on the XRD patterns of the perovskites with different 

KBF4 addition levels. The grain size and microstrain of the samples are summarized in 

Figure 3.4d. The control sample shows a negative (compressive) strain and small grain 

size of 150 nm. The lattice strain decreases and grain size increases after the 

introduction of KBF4 and reach the lowest strain and the largest grain size whenas 1.5 
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mol % of KBF4 is added. However, more addition of KBF4 leads to negative effect such 

as increased tensile strain and smaller grain size. Notably, the average grain size is only 

about 150nm in the control sample without KBF4 while it is increased to ~300 nm with 

1.5 mol% of KBF4, which is consistent with the observation from SEM images shown 

in Figure 3.1f. Substituting FA+ with smaller A sites (MA+ or Cs+) may distort Pb-I-Pb 

bonds thereby tilting the PbI6 octahedron. One of the solutions is to introduce smaller 

and larger ions together, which is called strain-compensation strategy. In this case, the 

longer covalent bonds between BF4
− between Pb2+ indicates larger effective radius and 

thus the introduction of BF4
− can help balance the distorted lattice structure caused by 

the incorporation of smaller MA+ and Cs+, leading to released strain and decreased 

defect density. 

 

Figure 3.5. (a, b) Steady-state and time-resolved PL of the perovskite thin film with 

different ratio of KBF4. (c) UV-vis absorbance and Tauc plot of perovskite thin film 

with different ratio of KBF4. (d) The curves of SCLC of the electron-only devices with 

device structure of ITO/ SnO2/ Perovskite/ PCBM/ Ag. 

Next, the steady-state photoluminescence (PL) tests were performed on perovskite thin 
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films with different ratios of KBF4. As shown in Figure 3.5a, the PL intensity of 

perovskite thin film increases after the introduction of KBF4 and reaches the strongest 

intensity (790 nm) when 1.5% KBF4 is applied. However, when extra amount of KBF4 

is added, the peak intensity decreases with the increase of addition level. Then, time-

resolved photoluminescence (TRPL) was tested on the samples. The TRPL curves 

(Figure 3.5b) can be fitted with a biexponential decay equation: 

𝐼(𝑡) =  𝐴1 exp (
−𝑡

𝜏1
) + 𝐴2 exp (

−𝑡

𝜏2
) + 𝐼0 ,                                                                 (1) 

where τ1 and τ2 are the lifetimes of two decay components, A1 and A2 are coefficients 

of the two components and I0 is a constant. The average lifetime is given by: τave=
∑ 𝐴𝑖τ𝑖

2

∑ 𝐴𝑖τ𝑖
, 

where τi is decay times and Ai is amplitudes.  

 As showed in Table 3.1, the trend of average lifetime (τave) is consistent with the PL 

intensity. The τave reaches the longest time when 1.5% KBF4 is added, increasing from 

original 0.799 μs (control sample) to 3.24 μs. The greatly prolonged lifetimes indicate 

the reduced trap density and suppress nonradiative recombination in perovskite thin 

films. However, the lifetimes decrease to 2.06 μs and 1.39 μs when the concentration 

further increases to 2.0% and 3.0%, respectively, which can be attributed to decreased 

grain size and bigger tensile strain in the films. 

Table 3.1. The carrier lifetimes of perovskite thin films with different ratios of KBF4. 

 τ1

（ns） 
A1 τ2（μs） A2 

τave

（μs） 

Ref 16.1  0.220 0.799  0.840 0.799  

0.5%  119  0.0601 1.65  0.882 1.65  

1.0% 93.2  0.0275 2.35  0.837 2.35  

1.5%  135  0.0384 3.24  0.772 3.24  

2.0%  25.5  0.00387 2.06  0.867 2.06   

3.0%  3.28  0.0723 1.39  0.837 1.39   

The UV-vis light absorption spectra of the triple-cation mixed perovskite are then 

showed in Figure 3.4c. The perovskite thin films with relatively low concentration of 

KBF4 show similar light absorption intensity with the control sample. The optical 

bandgap (Eg) calculated through Tauc plot ((αhυ)2 ~ hυ) are shown in Figure 3c, α, h, 
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and υ were the absorption coefficient, Planck constant, and photofrequency, 

respectively. The bandgaps of the triple-cation perovskite with different concentrations 

are calculated to be around 1.54 to 1.55 eV, indicating that KBF4 leads to negligible 

impact to the bandgap of perovskite. 

To quantitatively assess the defect density of the perovskite films, space charge limited 

current (SCLC) measurements based on electron-only device (ITO (Indium tin oxide)/ 

SnO2 / Perovskite / PCBM/ Ag) were conducted (Figure 3.4d). The defect density (Ntrap) 

can be calculated from the trap-filling limit voltage (VTFL) by:  

𝑁𝑡𝑟𝑎𝑝 =  
2 𝑉𝑇𝐹𝐿 𝜀 𝜀0

𝑞 𝐿2
  ,                                                                                 (2) 

where L is the thickness of the perovskite film, q is the elementary charge, ε and ε0 are 

the dielectric constants of perovskite and vacuum, respectively.[146-147] The VTFL 

calculated from the I-V curves of SCLC decreases from 0.275 to 0.0908 V. 

Consequently, the trap density of the perovskite film is reduced from 3.54×1015 cm-3 to 

1.17×1015 cm-3 when 1.5% KBF4 is added. This result matches well with the prolonged 

carrier lifetime measured by TRPL, indicating that the incorporation of KBF4 could 

effectively reduce the defects in triple-cation mixed perovskite. This is achieved by 

releasing the strain in perovskite lattice as we have verified.  
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Figure 3.5. DFT calculations for different perovskite supercells. (a) DOS of pristine 

FAPbI3, FAPbI3 with a IPb (Pb substituted by I) antisite defect and FAPbI3 with a IPb 

antisite defect with BF4
− substitution of a nearby I− ion. Simulated charge density 

distribution of (b) pristine FAPbI3, (c) FAPbI3 with a IPb (Pb substituted by I) antisite 

defect and (d) FAPbI3 with a IPb antisite defect with BF4
− substitution of a nearby I− ion 

at VBM, respectively. (e) Simulated charge density distribution of FAPbI3 with a IPb 

(Pb substituted by I) antisite defect at the deep state. 

To have a deeper understanding on the defect passivation mechanisms of BF4
− doped 

perovskite material, simulation of density-of-state (DOS) and charge density 

distribution based on density functional theory (DFT) are employed. To simplify the 

simulation, we calculated the defect passivation effect of replacing I− with BF4
− in a 

FAPbI3 crystal, which is expected to be similar in triple-cation mixed perovskites 

because the interaction between BF4
− and Pb2+/ I− plays a key role. It is well-known that 

antisite defects related to Pb and I are detrimental for carrier transport since those ions 

determine the band edge states and such defects tend to form deep traps as Shockley–

Read–Hall (SRH) recombination centers.[148-151] To demonstrate the influence of 

antisite defect on the electronic properties of perovskite and the passivation effect of 

BF4
−, the DOS and charge density distribution are simulated for the following structures: 

1) 2×2×2 supercells of pristine FAPbI3, 2) 2×2×2 supercells of FAPbI3 with IPb (Pb 

substituted by I) antisite defect  , 3) 2×2×2 supercells of FAPbI3 with IPb antisite defect 

and BF4
− substitution of a nearby I− ion. Figure 3.5a compares simulated DOS of the 

three structures. The introduction of antisite defect induces a deep acceptor state near 

mid-gap, consistent with previous calculation.[152] When BF4
− ion is introduced near the 

defect, the deep state is replaced by a swallow state near valence band maximum 

(VBM), indicating the successful defect passivation of BF4
−. Such effect can be 

attributed to the interactions between the electron-rich under-coordinated I− ions with 

the electron-deficient fluorine atoms in BF4
−. To further demonstrate the passivation 

effect, charge density distributions for different scenarios are visualized (Figure 3.5b-

e). Figure 3.5b-d shows charge density distribution at VBM in the three respective 
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structures. The charge density is uniformly distributed throughout the cells at this 

energy level, indicating that the electrons are highly mobile and the swallow state 

induced by BF4
− substitution will not cause charge density localization. However, the 

charge density becomes highly localized near the deep trap state for the defective cell 

without passivation (Figure 3.5e), which implies that such state can act as SRH 

recombination center. The passivation of such state by BF4
− ions is therefore beneficial 

for carrier lifetime. Hence, the simulation gains more insight into the defect passivation 

effect of BF4
− ions to perovskite thin film, further justifying the enhanced efficiency 

and stability of the resultant solar cells.  

 

Figure 3.6. (a) J-V curves of referential devices and champion devices with different 

molar ratio of KBF4. (b) The EQE spectra of the champion device and control device. 

(c, d, e, f) Comparisons of photovoltaic performance parameters between referential 

devices and devices with different ratio of KBF4. (The statistical analysis includes 30 
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samples in each condition.) (g)Thermal stability test under 80 ℃ heating in N2 

atmosphere without encapsulation. (h) photostability stability test under the continuous 

illumination (100 mW/cm2) in N2 glovebox without encapsulation. (i) Long-time 

storage stability under dark in N2 atmosphere without encapsulation. 

Next, we fabricated PSCs with the structure of ITO/ PTAA/ 

Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3/ PCBM/ BCP/ Ag to investigate the impact of 

KBF4 on the performance of PSCs. The control devices without KBF4 show the 

maximum PCE of 21.13%, Jsc of 24.90 mA cm-2, Voc of 1.12 V and FF of 0.75. Then, 

the PSC with different ratios of KBF4 were fabricated. As shown in Table 3.2, the 

device performance increases with the introduction of KBF4 and shows the best PCE 

of 23.04 % when 1.5% KBF4 is introduced. The champion device shows Jsc of 24.93 

mA cm-2, Voc of 1.13 V and high FF of 0.82 (Figure 3.6a, area: 0.048 cm2). However, 

the device performance decreases when more KBF4 is introduced. The Jsc, Voc and FF 

of the devices are decreased to 24.60 mA cm-2, 1.08 eV and 0.67, respectively, when 

3.0 % KBF4 is added. This trend is consistent with the result of PL measurement, which 

demonstrates that 1.5% KBF4 delivers the longest carrier lifetime. The external 

quantum efficiency (EQE) of the devices and integrated JSC are shown in Figure 3.6b, 

which are consistent with the values obtained from the J-V curves.    

Table 3.2. The parameters of control device, champion device with different ratios of 

KBF4. (The statistical analysis includes 30 samples in each condition.) 

Sample 
 Jsc (mA cm-

2) 
Voc (V) FF PCE (%) 

Ref 
Champion 24.90 1.120 0.76 21.13 

Average 24.65± 0.25 1.118± 0.003 0.75± 0.01 20.20± 0.92 

0.5% 

KBF4 

Champion 24.88 1.123 0.78 21.78 

Average 24.66± 0.22 1.118± 0.004 0.77± 0.01 20.90± 0.88 

1.0% 

KBF4 

Champion 24.95 1.125 0.80 22.45 

Average 24.67± 0.25 1.121± 0.003 0.79± 0.01 21.43± 0.95 

1.5% 

KBF4 

Champion 24.93 1.130 0.82 23.04 

Average 24.70± 0.23 1.127± 0.003 0.81± 0.01 22.45± 0.62 

2.0% 

KBF4 

Champion 24.85 1.123 0.77 21.58 

Average 24.58± 0.28 1.119± 0.005 0.76± 0.01 20.48± 0.97 

3.0% 

KBF4 

Champion 24.60 1.080 0.67 17.89 

Average 24.46± 0.22 1.080± 0.006 0.66± 0.01 16.93± 0.96 

The detailed parameters of the PSCs are demonstrated in Figure 3.6c-f. As shown in 
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the figure, the elevated performance of PSCs is manly attributed to the greatly enhanced 

FF. The FF in a PSC is associated with the carrier transportation in the bulk of 

perovskite and interfaces. Low FF is generally caused by severe interfacial non-

radiative recombination or low charge extraction efficiency between perovskite and 

transporting layers.[153-156] Therefore, the introduction of KBF4 can improve FF by 

reducing trap density and improving carrier lifetime as evidenced by the result of SCLC 

and TRPL. Moreover, K+ ions can modify the interface by forming KBr/KI with 

uncoordinated halides to passivate the grain boundaries.[59, 157] This KBr/KI solid 

complex not only prevent halides migration but also enhance electron extraction, which 

is favorable for device performance.[158]  

At the tail of EQE spectra in Figure 3.6b, the slope of the exponential EQE defines the 

Urbach energy (Eu), which is proportional to exp((E-EG)/EU).[159-160] The Eu of the 

KBF4-treated device is calculated to be 17.2 meV, which is slightly smaller than the 

control device of 18.8 meV. Lower Urbach energy generally indicates less defects in 

the perovskite layer. Thus, the lower Eu of KBF4-treated device also suggests that KBF4
 

can passivate defects in the film. Besides, the bandgaps calculated from EQE spectra 

were 1.54 eV for KBF4-treated perovskite and 1.55eV for control device, which 

matches well to the bandgap obtained from UV-vis absorption spectra. 

To investigate the improvement in device stability, we demonstrated the thermal 

stability (Figure 3.6g), photostability (Figure 3.6h) and long-term storage stability 

(Figure 3.6i) tests on our devices. The thermal stability test was carried out under 80 ℃ 

heating in N2 atmosphere without encapsulation. In this work, the target device 

maintained over 90% efficiency after heating for 500 hours while the control only kept 

70% efficiency at the same condition. Besides, the photostability and long-term storage 

stability tests were also conducted in N2 glovebox without encapsulation. It was found 

that the target device maintained over 89% and 97% efficiency respectively after 

continuous illumination and storage in inert atmosphere while the control device 

showed a much poor stability. In triple-cation perovskite, the MA+ may escape from the 
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lattice due to its worse thermal stability, thereby leading to migration of uncoordinated 

halide ions and perovskite degradation. The ion migration is more serious under 

working conditions.[143] In this case, the introduction of BF4
− may release the lattice 

strain and thereby stabilize perovskite lattice. Apart from this, K+ ions can prevent the 

ion migrations by forming solid complex KBr/KI with uncoordinated halide ions at 

grain boundaries, thereby delivering more stable perovskite grain boundaries.[60, 161] 

Therefore, the combing benefits of BF4
− and K+ contribute to the elevated device 

stability. 

 

Figure 3.7. (a) The J-V curves of flexible PSC with structure of PET/ PEDOT: PSS/ 

PTAA/ Perovskite/ PCBM/ BCP/ Ag. (b) The EQE spectra of the flexible device. (c) 

The bending stability of the flexible device. (d) The structure of flexible device. 

Considering the good performance of PSC achieved on inverted structure, we carried 

out our standard fabricating conditions on flexible PET (polyethylene glycol 

terephthalate) substrate, the structure of the device is composed of PET/ 

PEDOT:PSS/PTAA/Perovskite/PCBM/BCP/Ag (Figure 3.7d). Transparent electrode 

PEDOT: PSS was prepared according to previous research[162], and an Au film is coated 

besides the PEDOT:PSS film as a conductor for the convenience of testing. As shown 



66 
 

in Figure 3.7a, the flexible PSCs deliver PCE of 21.02 %, Jsc of 25.08 mA cm-2, Voc of 

1.06 V and FF of 0.79 (area: 0.01 cm2). The slightly increased Jsc is attributed to the 

higher transparency of PEDOT: PSS film as compared to ITO and matches well with 

the integrated Jsc from EQE (23.83 mA cm-2, Figure 3.7b). Moreover, the flexible 

devices maintain 90 % of the original PCE after bending for more than 1500 times at a 

bending radius of 8 mm (Figure 3.7c). 

3.4 Conclusion 

In summary, we have demonstrated that a small amount of KBF4 is an effective additive 

to boost the performance of triple-cation mixed inverted PSCs. The champion device 

delivers a PCE of 23.03 %, Jsc of 24.93 mA cm-2, Voc of 1.13 V and a high FF of 0.82. 

We find that KBF4 can enhance the crystallinity and release microstrain in the 

perovskite films, which is favorable for the photovoltaic performance. Moreover, the 

trap density is reduced and nonradiative recombination is suppressed in the perovskite 

thin film due to defect passivation by BF4
- in the bandgap. This work provides a 

convenient strategy to achieve high-performance PSCs with an inverted device 

structure, which is applicable for the fabrication of flexible, tandem and large-area 

devices. 
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Chapter 4 A Convenient Co-Additive Strategy to 

Boost the Inverted Perovskite Solar Cells. 

The utilization of additives has contributed significantly to 

the performance of perovskite solar cells. Numerous additives had been introduced into 

the surfaces and bulk of perovskites to improve each aspect of PSCs. In this work, 

PEA2PbI4 and GlyHCl were introduced to enhance perovskite performance via 

crystallization modulation and facet controlling. The incorporation of these two 

additives contributed to a significant enhancement in growth of (100) facet, 

consequently elongation of carriers lifetime and device performance. Tof-SIMS 

revealed that Gly+ could also modify the bottom interfaces to enlarge grain size, while 

PEA2PbI4 was uniformly distributed and passivated the bulk of perovskites. The 

employing of this convenient co-additive strategy resulted in achieving the highest 

efficiency of 23.8% on inverted PSCs, accompanied by improved device stability. 

4.1 Introduction 

Over time, the fabrication technologies for perovskite solar cells (PSCs) have evolved 

significantly, leading to a huge increase in efficiency from 3.8% to over 25.7%. [8-9]. To 

achieve these advancements, researchers have proposed and implemented numerous 

strategies, such as additives engineering[14] and surface engineering[163]. For instance, 

surface engineering has been employed to attain efficiencies exceeding 25% on PSCs 

with inverted structures recently.[53, 89, 164] Facet engineering draws increasing attention 

owing to its tight relationship with the performance of perovskites.[165] Researchers 

tailored the facet orientation via various compositions, ligands and fabrication 

conditions, which demonstrated a new strategy to enhance the performance of PSCs.[166-

167] 

Among various facets in perovskites, the (100) facet is considered to be the most 

coordinated balanced due to its equal distribution of organic cations and halide anions. 
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This balanced distribution makes the (100) facet the most stable facet during crystal 

growth, as the fully bonded (100) facet ensures charge neutrality and contributes to a 

defect-free surface.[166] Furthermore, optoelectronic devices based on the preferred 

orientation of the (100) facet have demonstrated higher carrier mobility than those 

based on the (111) facet.[168] Therefore, numerous strategies have been proposed to 

control the facet orientation towards the preferred (100) orientation, and one effective 

and efficient method is the use of various ligands. For example, ammonium salts (such 

as PEAI and OAmI)[100, 169] and pseudohalides anions (such as SCN− and HCOO−) 

demonstrate their potential in controlling facet towards (100) dominance.[170]  

Glycine (Gly), an essential amino acid for the human body, has been utilized to enhance 

the performance of perovskite solar cells due to its functional groups, namely the 

carboxyl and amino groups. Previous studies have employed glycine to pretreat the 

surfaces of NiOx/SnO2 to adjust the energy band and promote charge transfer in 

PSCs.[171-174] In this study, it was observed that glycine hydrochloride (GlyHCl), 

the ammonium salt form of glycine, could control the crystal growth with a preferred 

orientation of (100) facet as well as modify the bottom surface of perovskites. By 

directly introducing GlyHCl and PEA2PbI4 to the precursor solutions, the bulk and 

bottom surfaces could be effectively passivated by PEA2PbI4 and GlyHCl. GlyHCl 

located at the bottom surface was found to greatly enlarge the grain size and reduce 

defect densities. The implementation of this co-additive strategy resulted in a notable 

enhancement in the open-circuit voltage (Voc) and PCE, from 1.04 V to 1.16 V and 

19.58% to 23.80%, respectively. Consequently, this study presents a convenient co-

additive strategy to manage the crystal orientation and enhance the performance 

of inverted perovskite solar cells. 

4.2 Experimental Section 

Preparation of triple cation mixed Perovskite solution: the triple cation perovskite 

solution was prepared by mixing two 1.2 M FAPbI3 and MAPbBr3 perovskite solutions 

in DMF: DMSO (4:1 volume ratio, v: v) in a particular ratio (e.g. 95:5). The 1.2 M 
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FAPbI3 solution was thereby prepared by dissolving FAI (722 mg) and PbI2 (2130 mg) 

in 2.8 mL DMF and 0.7 mL DMSO which contains a 10 molar % excess of PbI2. The 

1.2 M MAPbBr3 solution was made by dissolving MABr (470 mg) and PbBr2 (1696 

mg) in 2.8 mL DMF and 0.7 mL DMSO which contains a 10 molar % excess of PbBr2. 

PEA2PbI4 solution was prepared by mixing 489mg PEAI and 461mg PbI2 in 800 µL 

DMF. Lastly, 40 µL of a 1.5 CsI solution in DMSO (389 mg CsI in 1 mL DMSO) was 

mixed with 960 µL of the above-described mixture of FAPbI3 and MAPbBr3 resulting 

in a nominal perovskite stoichiometry of Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3, 

respectively. PEA2PbI4 solution was prepared by mixing 489mg PEAI and 461mg PbI2 

in 800 µL DMF. And 1.5% of KBF4 are added to the all the solution. 

Device fabrication: To fabricate a device structure of glass/ ITO/ PTAA/ Perovskite/ 

PCBM/ BCP/ Ag, ITO glass substrates were ultrasonically cleaned by deionized (DI) 

water, acetone and isopropanol for 15 min, respectively. Then, the cleaned ITO 

substrates were dealt with air plasma for 8 mins before use. Then the substrates were 

transferred to N2 glovebox. After the substrates were transferred into glovebox, 

poly(triaryl amine) (PTAA) solution (2 mg mL-1) was spin-coated at 5000 rpm for 30 s 

and annealed at 100 ℃ for 10 min. The substrates were cool down to room temperature 

before use. 1.2 M perovskite precursor solutions were constructed by mixing FAI, PbI2, 

MABr, PbBr2 and CsI in DMF: DMSO mixed solvent with a chemical formula of 

Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3. 50 μL of the prepared precursor solution was 

spin-coated at 1000 rpm for 10 s and 5000 rpm for 30 s onto the PTAA-coated ITO 

substrate, 50 μL CB as anti-solvent was dripped on the film at 10 s before the end of 

the last procedure and then annealed at 100°C for 30 min. Afterward, PCBM (20 mg 

mL-1) and BCP (0.5 mg mL-1) were spin-coated on the films at 1500 rpm for 60 s and 

4500 rpm for 30 s, respectively. For solution with KBF4, different molar ratio of KBF4 

was added to the original 1.2 M FAPbI3 solution. Finally, 200 nm silver electrodes were 

thermally evaporated onto the films at a chamber pressure of 10-7 Torr with a deposition 

rate of 0.5 Å s-1. The active area of rigid PSC is 0.048 cm2 and flexible PSC is 0.01 cm2. 
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Characterization: J-V curves were measured by a Keithley 2400 source meter with a 

solar simulator under AM 1.5 G one sun illumination (Newport 66902). The scanning 

rate was 100 mV s-1 with a voltage step of 10 mV. The EQE of the PSCs was obtained 

from an EQE system under DC mode. To reduce the optical reflection loss, an 

antireflection (AR) layer was added on the glass side during the test of the champion 

5 ℃ antisolvent treated devices. SEM images were measured by a field-emission SEM 

(Tescan MAIA3). XRD patterns were measured using Cu Kα radiation (Rigaku, 

Smartlab) to analyze the crystallization of perovskite. PL was measured by the FLS 920 

(Edinburgh Instruments, Ltd) with excitation at 645 nm. 

Statistical Analysis: The data, figure and statistical graph (J-V curves, XRD figures, 

XPS figures, Williamson−Hall plots, PL, UV-vis, SCLC, EQE, stability tests) in the 

article is pre-processed and drawn by Origin Pro (ver. 2019). The SEM figure is 

processed by Digital Micrograph (ver. 3.4). The AFM figure is processed by NanoScope 

Analysis (ver. 1.7). 

Computational methods: DFT: All DFT simulations were conducted using Quantum 

Expresso (ver. 6.5).[136] All the structures were fully relaxed before the DOS and charge 

density calculations. The relaxation was performed under Perdew, Burke and Ernzerhof 

(PBE) exchange-correlation functionals[137] with projector augmented wave (PAW) 

method. The electronic convergence criterion was set to be 1 x 10-6 eV.  A plane wave 

basis set of 450 eV cut-off energy was used. 

4.3 Result and Discussion 

The perovskite thin film was fabricated using one-step spin-coating method, with 

chlorobenzene as antisolvent and composition of 

Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3.
[1] Different molar ratio of 2D perovskite 

PEA2PbI4 and GlyHCl as additives are directly introduced to the perovskite precursor 

solutions. The detailed experimental processes are presented in supporting information. 

As the addition of 2D perovskite PEA2PbI4 and ammonium salt GlyHCl may generate 



71 
 

new perovskite phase, the change in perovskite lattice were first examine through X-

ray diffraction patterns (XRD). As showed in Figure 4.1a, it was observed that no new 

peaks form in the small angle of XRD patterns after adding two additives, which could 

be attributed to the undetectably small amount of 2D perovskites by XRD.[100] The XRD 

patterns were then examined more specifically. The ratio of certain peak in XRD 

patterns, such as (100) to (011), changes from 1:1 to 1.7:1 when 3.0% GlyHCl is added, 

indicating the addition of GlyHCl could promote the crystal growth along the preferred 

orientation plane.  

The carboxyl group (-COOH) and amino group (-NH3
+) in GlyHCl have been reported 

to interact with the PbI2/perovskites.[175-176] To investigate such interactions, 1H nuclear 

magnetic resonance (NMR, Figure 4.1b) was conducted. As showed in Figure 4.1b, 

the chemical shifts of 1H in GlyHCl moved from 8.36 and 3.64 ppm to 8.12 and 3.69 

ppm, respectively, indicating the electron density of corresponding hydrogen atom 

changed. Hydrogen bonds formed between iodine atom in PbI2 and hydrogen atom in -

NH3
+ increase the electron density of H atom, leading to a shift to the high field in the 

NMR.[177-178] In contrast, lead atoms coordinate with the lone pair electrons in -C=O  

and increase the electron withdrawing ability of -C=O, causing the decrease of electron 

density of H atom in the nearby -CH2- and resulting in peak shifts towards the low field. 

Given the observed interactions between PbI2 and GlyHCl, the interactions between 

perovskites and GlyHCl were investigated through surface X-ray photoelectron 

spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR). The XPS 

spectra (Figure 4.1c, d) showed that the characteristic peaks of Pb 4f (143.57 eV for 

4f5/2 and 138.68 eV for 4f7/2), I 3d (631.03 eV for 3d3/2 and 619.55 eV for 3d5/2) and O 

1s (533.11 eV) remain unchanged after the addition of GlyHCl. The unshifted XPS 

peaks suggest that the chemical environments of electrons of Pb, I and O remained 

unchanged, indicating no interactions between perovskites and GlyHCl at the 

perovskite surface. In contrast, the FTIR spectra (Figure 4.1e) showed that the peaks 

of C=O in plane bend and stretch shift to high wavenumber field due to the coordination 

with Pb2+, from 1224 cm-1 and 1733 cm-1 to 1254 cm-1 and 1750 cm-1, respectively. The 
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similar shifts were also observed in the peak of N-H bonds, which is consistent with the 

result of NMR spectra and suggest that the potential interactions between perovskite 

and GlyHCl. 

 

Figure 4.1. (a)The XRD patterns of perovskites with and without 3.0% GlyHCl. (b) 

The 1H Chemical shift of GlyHCl and GlyHCl+PbI2. (c, d) XPS spectra of Pb 4f (c) and 

I 3d (d) for the perovskites with and without 3.0% GlyHCl. (e) The FTIR spectra of 

GlyHCl and perovskite with/without GlyHCl. 

Time of flight secondary ion mass spectrometry (ToF-SIMS, Figure 4.2a, b) was then 

conducted to investigate the distributions of GlyHCl and PEA2PbI4 in perovskite thin 

films. The result showed that the PEA2PbI4 was uniformly distributed through the 

perovskite thin film, while GlyHCl was mainly located at the bottom surface of the 

perovskite thin film (Figure 4.2b). To elucidate the underlying mechanism of GlyHCl 

accumulation at the bottom surface of the perovskite thin film, the crystallization 

process was analyzed, as the interaction between PbI2 and GlyHCl was confirmed via 

NMR and FTIR. As showed in Figure 4.2d, the cross-section SEM image showed that 

an amorphous phase was observed for the perovskite thin film without annealing. Then, 

it was observed that there were large voids near the bottom surface of perovskite thin 

film with 5s annealing (Figure 4.2e). However, the voids disappeared and larger 

perovskite grain size formed after 30 min annealing (Figure 4.2f), indicating that the 
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crystallization follows a downward grain growth. This observation is consistent with 

the general crystallization process that adopts one-step solution processed method.[179] 

The annealing process was monitored in Figure 4.2g, control sample (left) showed 

darker yellow as compared to the target sample that contain GlyHCl (right) before 

annealing. When heating was applied, the perovskite thin film with GlyHCl showed a 

slightly slower crystallization rate, indicating that GlyHCl could slow down the 

crystallization process by interact with perovskite intermediate phase. Moreover, NMR 

analysis was conducted to demonstrate the interactions between GlyHCl and the 

solvents. As showed in Figure 4.3, the peaks of GlyHCl in DMF, DMSO and mixture 

of DMF/DMSO all exhibited changes, indicating the existence of interactions between 

GlyHCl and solvents. The interactions between GlyHCl and PbI2/solvents could have 

great impact on the formation of intermediate phase and consequently the 

crystallization process. 

 

Figure 4.2. (a, b) ToF-SIMS depth profile of perovskite thin films without/with GlyHCl. 

(c) 3D maps of the distribution of GlyHCl in perovskite thin films. (d, e, f) The cross-

section SEM image of the perovskite thin film with 0s (d), 5s (e) and 30min (f) 

annealing time. (g) The annealing process of perovskites with and without GlyHCl.  



74 
 

 
Figure 4.3. The 1H NMR spectra of GlyHCLin DMF, DMSO and mixture of 

DMF/DMSO. 

The interactions between GlyHCl and PbI2/DMF/DMSO primarily involve hydrogen 

bonds, where N–H--I and O–H--I are formed between GlyHCl and PbI2, while O–H--

O and N–H--O are formed between GlyHCl and DMF/DMSO. It is noteworthy that the 

hydrogen bonds between GlyHCl and DMF/DMSO are stronger than those between 

GlyHCl and PbI2 due to the higher electronegativity of O as compared to I.[180-181] 

Hydrogen bonds play a crucial role in the crystallization process of perovskites, as they 

can mediate the formation of a hydrogen-bond-bridged intermediate that can 

significantly influence the quality of perovskite thin films.[182] Thus, the crystallization 

process is depicted in Figure 4.4a-d according to the experimental results. As showed 

in Figure 4.4a, the initial solution is a mixture of cations/anion. As the crystallization 

process follows a downward direction by using one-step solution method, the removal 

of solvents from the top surface by antisolvent leads to the phase transformation of 

perovskites (Figure 4.4b). During the annealing process, the interactions between Gly 

and perovskites are gradually replaced by the interactions between Gly and 

DMF/DMSO, driving the Gly towards the solvents instead of crystalizing with 
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perovskites (Figure 4.4c). As a result, the concentration of GlyHCl in the solvents 

increases, leading to its final aggregation at the bottom surface of the perovskite thin 

film (Figure 4.4d).  

 

Figure 4.4. (a-d) The schematic illustration of crystallization process of perovskite with 

GlyHCl and PEA2PbI4. 

Scanning electron microscopy (SEM) and transmission electron microscope (TEM) 

were used to investigate the change in perovskite morphology and perovskite lattice. 

The result showed that as the concentration of GlyHCl increases from 0% to 5%, the 

perovskite grain size progressively increased (Figure 4.5a-f), as demonstrated by the 

statistical graph of grain size (Figure 4.5g). The enhanced crystallinity could be 

ascribed to the two functional groups in GlyHCl. As previously mentioned, the -NH3
+ 

group can function as anchor sites for perovskite to grow[183-184], and -COOH group can 

coordinate with Pb2+ to slow down the crystallization process as demonstrated in Figure 

4.5g[175, 185]. The combinational effect of two function group facilitates the growth of 

perovskites into large grain size. However, when the concentration of GlyHCl further 

increase to 5.0% (Figure 4.5f), large voids and numerous pinholes began to form at 

grain boundaries of perovskites. These large voids and pinholes may result in severe 

carriers recombination and perovskite degradation, which will compromise the device 
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performance.[186-187] 

As small amount of 2D perovskites may be undetectable for XRD, we employed TEM 

test to determine the existence of 2D perovskites. As showed in Figure 4.5h and i, it 

can be seen that pattern of 2D perovskites lattice is distinct from 3D perovskites lattice, 

and the interplane spacing of 2D and 3D perovskites are 0.718 nm and 0.320 nm 

respectively, which are in accord with previous report relating to 2D perovskites 

PEA2PbI4.
[84, 100] Additionally, it was observed that 2D perovskites tends to stay at grain 

boundaries, which may be related to their function of passivating perovskite grain 

boundaries.[100] 

 

Figure 4.5. (a-f) The plane-view SEM images of perovskite thin films with different 

ratios of GlyHCl. (g) The distribution of grain size of perovskites without and with with 

different ratios of GlyHCl. (h, i) The TEM images of perovskite thin films. 

To investigate the impact of the addition of GlyHCl and PEA2PbI4 to the perovskite 

thin film quality, the steady-state photoluminescence (PL) tests were conducted on 
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perovskite thin films with various ratios of GlyHCl and PEA2PbI4. As demonstrated in 

Figure 4.6a, the peaks of perovskite are located at 790 nm, and the introduction of 

various concentrations of GlyHCl does not lead to any shifts to peak positions. But the 

peak intensity greatly increased as the concentration of GlyHCl increases from 0.5% to 

3.0%, and it dropped dramatically when GlyHCl reaches to 5%. This may be attributed 

to the large cavities and numerous pinholes in the perovskite thin film observed in SEM 

images, which could cause severe carriers recombination. The combinational effect of 

GlyHCl and PEA2PbI4 can be seen in the Figure 4.6b, it demonstrates that the peak 

intensity increases after introducing PEA2PbI4 and become even stronger when adding 

GlyHCl.  

For quantitatively comparing the quality of perovskite thin films, time-resolved 

photoluminescence (TRPL) was conducted on the thin films. The TRPL curves (Figure 

4.6c) can be fitted with a biexponential decay equation: 

𝐼(𝑡) =  𝐴1 exp (
−𝑡

𝜏1
) + 𝐴2 exp (

−𝑡

𝜏2
) + 𝐼0, 

where τ1 and τ2 are the lifetimes of two decay components, A1 and A2 are coefficients 

of the two components and I0 is a constant. The average lifetime is calculated by 

equation: τave=
∑ 𝐴𝑖τ𝑖

2

∑ 𝐴𝑖τ𝑖
, where τi is decay times and Ai is amplitude.  

Carrier lifetimes were calculated from the decay equation, and the results are presented 

in Table 1. The trend of average carrier lifetimes matched the trend of PL intensity: the 

𝜏ave increases gradually from 0.823 μs to 3.51 μs as the concentration of GlyHCl raises 

from 0% to 3.0%, and 𝜏 ave begins to decrease prominently (0.739 μs) when the 

concentration of GlyHCl further increases to 5.0%. This trend could also be observed 

in SEM images, the elongated lifetimes are obtained when 3.0% GlyHCl is added, 

which gave the largest grain size without pinholes and cavities. The elongated lifetimes 

can be attributed to greatly reduced defect density and suppressed nonradiative 

recombination by adding GlyHCl. Conversely, the substantially decreased lifetime can 

be attributed to the large cavities and numerous pinholes, which can induce severe 

nonradiative recombination and energy losses. The results of PL and TRPL demonstrate 
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that the quality of perovskite thin films can be greatly improved by adding GlyHCl and 

PEA2PbI4. 

To determine the change in the light absorption and band gap of perovskite thin films, 

UV-vis light absorption spectra were measured (Figure 4.6d). The result showed that 

the introduction of GlyHCl and PEA2PbI4 shows negligible impact on the light 

absorption range and intensity. The optical bandgaps (Eg) were calculated through Tauc 

plot ((αhυ)2 − hυ), α, h, and υ are the absorption coefficient, Planck constant, and 

photofrequency, respectively. The bandgaps of perovskite thin films changed from 1.53 

eV to 1.55 eV when 0.5% PEA2PbI4 and 3.0% of GlyHCl added, the slightly increased 

bandgap of perovskite thin films could be attributed to the introduction of 2D 

perovskites, which have a large band gap (2.02 eV).[102] 

Table 1. The carrier lifetimes of perovskite thin films with different ratios of GlyHCl 

with 0.5% PEA2PbI4. 

 τ1（ns） A1 τ2（μs） A2 
τave

（μs） 

Control 104  0.220 0.824  0.890 0.823  

0.5%  119  0.2601 0.996  0.922 0.996  

1.0% 162  0.1276 1.27  0.907 1.27  

2.0%  145  0.1394 1.72  0.882 1.71  

3.0%  177  0.1288 3.51  0.917 3.51   

5.0%  124  0.2723 0.741  0.861 0.739   

To quantitatively calculate the holes/electrons defect density of the perovskite films, 

space charge limited current (SCLC) measurements based on holes-only device (ITO 

(Indium tin oxide)/ PTAA/ Perovskite/ Au) and electrons-only device (ITO/ SnO2/ 

Perovskite/ PCBM/ Ag) were conducted. The defect density (Ntrap) can be calculated 

from the trap-filling limit voltage (VTFL) by 

𝑁𝑡𝑟𝑎𝑝 =  
2 𝑉𝑇𝐹𝐿 𝜀 𝜀0

𝑞 𝐿2 ,                                                                                  

where L is the thickness of the perovskite film, q is the elementary charge, ε and ε0 are 

the dielectric constants of perovskite and vacuum, respectively. The VTFL calculated 

from the I-V curves of SCLC are showed in Figure 4.6e and f. The Ntrap of holes 

decreases from 6.93 1015 cm-3 to 4.36×1015 cm-3 and Ntrap of electrons decreases from 
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2.64 1015 cm-3 to 1.42×1015 cm-3 when 3.0% GlyHCl was added. Both holes and 

electrons trap density were greatly reduced when the GlyHCl was added, which 

matches well with the prolonged carrier lifetimes measured by TRPL. This suggests 

that GlyHCl can reduce the defect density, restrain nonradiative recombination and 

consequently improve the quality of perovskite thin film.  

 

Figure 4.6. (a, b, c) Steady-state and time-resolved PL of the perovskite thin film with 

different ratio of PEA2PbI4 and GlyHCl. (d) UV–vis absorbancet of perovskite thin film 

with different ratio of GlyHCl. (e) The curves of SCLC of the holes-only devices with 

a device structure of ITO/ PTAA/ Perovskite/ Au. (f) The curves of SCLC of the 

electron-only devices with a device structure of ITO/ SnO2/ Perovskite/ PCBM/ Ag. 

To investigate the impact of PEA2PbI4 and GlyHCl to the performance of PSCs, PSCs 

with the structure of ITO/ PTAA/ Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3/ PCBM/ BCP/ 

Ag were fabricated. Considering the combinational effects of PEA2PbI4 and GlyHCl in 

improving the quality of perovskite thin film, the optimal concentrations for PEA2PbI4 

and GlyHCl were thoroughly examined. As showed in Figure 4.7a, the Voc and PCE 

increase from 1.05 eV and 19.58% to 1.12 V and 21.90% respectively when 0.5% 

PEA2PbI4 is added. After the introduction of 3.0% GlyHCl, the champion device shows 

Jsc of 25.55 mA·cm-2, further increase in Voc of 1.16 V, FF of 0.8 and PCE of 23.8%. A 
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more detailed analysis of the relationships between various amounts of PEA2PbI4 and 

GlyHCl are showed in Figure 4.7b-e and Table 2. 

As showed in Figure 4.7b, the Jsc remains unchanged under low concentration and 

began to decrease when the concentration excess 0.5%, which decreases from original 

25.49 mA·cm-2 to 23.89 mA·cm-2 as the concentration of PEA2PbI4 increased to 1.0%. 

The compromised Jsc can be ascribed to the excessive amount of 2D perovskites, which 

induce formation of excessive low-dimension perovskites and consequently blueshift 

of bandgap and poor carriers transportation.[102] And this negative effect is observed 

when adding excessive amount of GlyHCl (Figure 4.7b). Similarly, the combinational 

enhancements in PSCs come from the elevated Voc and FF by adding suitable amount 

of PEA2PbI4 and GlyHCl. As showed in Figure 4.7c and d, both PEA2PbI4 and GlyHCl 

can boost the Voc and FF of PSCs, the Voc can be increased from 1.04 V to 1.11 V by 

adding single additive PEA2PbI4, and it can be further improved to 1.16 V by employing 

PEA2PbI4 and GlyHCl together (Figure 4.7c). The enhanced Voc by further introducing 

GlyHCl could be attributed to the facilitated hole transporting efficiency. The dipole 

moment in molecule GlyHCl creates an electric filed at the bottom interfaces between 

hole transporting layer (HTL) and perovskite, and the electric filed will drive holes 

towards HTL efficiently.[188] However, both Voc and FF begin to decrease when two 

additives excess the optimal concentrations. The external quantum efficiency (EQE) of 

the devices and integrated Jsc are shown in Figure 4.7f, the integrated Jsc are calculated 

to be 24.42 mA·cm-2and 24.47 mA·cm-2 for control and champion devices respectively, 

which are consistent with the values obtained from the J-V curves.  

Table 2. The parameters of control device, champion device with different ratios of 

GlyHCl under 0.5% PEA2PbI4. (The statistical analysis includes 30 samples in each 

condition.) 

Sample 
 Jsc (mA 

cm-2) 
Voc (V) FF PCE (%) 

Control 
Champion 25.49 1.120 0.76 21.9 

Average 25.25± 1.110± 0.75± 20. 95± 0.91 
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0.25 0.012 0.01 

0.5% 

GlyHCl 

Champion 25.38 1.131 0.77 22.08 

Average 25.26± 

0.12 

1.125± 

0.005 

0.75± 

0.02 
20.90± 0.98 

1.0% 

GlyHCl 

Champion 25.52 1.142 0.78 22.75 

Average 25.37± 

0.15 

1.134± 

0.006 

0.77± 

0.01 
21.73± 0.95 

2.0% 

GlyHCl 

Champion 25.43 1.150 0.80 23.34 

Average 25.30± 

0.13 

1.147± 

0.003 

0.79± 

0.01 
22.45± 0.91 

3.0% 

GlyHCl 

Champion 25.55 1.163 0.80 23.80 

Average 25.40± 

0.14 

1.150± 

0.012 

0.79± 

0.01 
22.98± 0.80 

5.0% 

GlyHCl 

Champion 23.80 1.142 0.75 20.60 

Average 23.56± 

0.24 

1.130± 

0.012 

0.74± 

0.01 
16.93± 0.96 

At last, the improvements in thermal stability (Figure 4.7g), photostability (Figure 

4.7h) and long-term storage stability (Figure 4.7i) of PSCs by employing PEA2PbI4 

and GlyHCl were investigated. The combinational effect also enhances the stability of 

PSCs. The control device loss almost 30% of its original PCE after being subjected to 

thermal condition without encapsulation for 500 hours. And the target device 

maintained over 96% original PCE with the same condition, which is higher than the 

PCE of devices with the addition of PEA2PbI4 or GlyHCl alone. Similarly, the target 

device maintained over 93% and 98% efficiency, respectively, after continuous 

illumination and storage in inert atmosphere, while the control device exhibited much 

poor stability. The elevated stability cannot be achieved with a single additive, 

indicating the significance of the combinational effect brought by the co-additive 

strategy. 
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Figure 4.7. (a) J–V curves of control devices and champion devices with optimal molar 

ratio of PEA2PbI4 and GlyHCl. Device area: 0.048 cm2. (b-e) Comparisons of Jsc, Voc, 

FF and PCE between control devices and devices with different ratio of PEA2PbI4 and 

GlyHCl. Thirty samples were measured for each condition. (f) The EQE spectra of the 

champion device and control device. (g)Thermal stability test under 80 ℃ heating in 

N2 atmosphere without encapsulation. (h) photostability stability test under the 

continuous illumination (100 mW/cm2) in N2 glovebox without encapsulation. (i) 

Long-time storage stability under dark in N2 atmosphere without encapsulation. 

4.4 Conclusion  

In summary, a simple co-additive strategy was employed to boost performance of 

inverted PSCs. The champion device achieved a PCE of 23.80 %, Jsc of 25.55 mA cm-

2, Voc of 1.16 V and a high FF of 0.80 with the aid of PEA2PbI4 and GlyHCl. From XRD, 
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NRM, FTIR and Tof-SIMS spectra, it was discovered that GlyHCl strongly interacts 

with PbI2/DMF/DMSO to modulate the crystallization process and promote the 

perovskite to grow along the (100) facet. Moreover, GlyHCl that aggregate at the 

bottom surface of perovskites could modify the interfaces and facilitate charge transfer. 

The results of SEM, PL, TRPL and SCLC demonstrate that GlyHCl and PEA2PbI4 can 

enhance the perovskite quality by enlarging grain size, reducing defect density and 

elongating carrier lifetimes. Overall, the combination effect of PEA2PbI4 and GlyHCl 

provides a convenient co-additive method to boost the performance of inverted PSCs.  
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Chapter 5 Conclusion and Prospects 

5.1 Conclusion 

This thesis investigates two novel additives to enhance the performance of inverted 

perovskite solar cells . The first additive is KBF4, an inorganic compound that can enter 

and adjust the perovskite lattice towards a strain-free structure. The release of strain 

facilitates the production of perovskite thin films with large grain size, reduced defect 

density, and longer carrier lifetimes. Density functional theory (DFT) calculations 

support the experimental results and provide a deeper understanding of the passivating 

mechanism of KBF4. The improved quality of perovskite thin films enables the 

construction of solar cells with an efficiency over 23% and a significantly elevated fill 

factor. Favorable results on rigid substrates motivate the development of 

flexible PSCs with an efficiency over 21% and a fill factor of 0.79, which is impressive 

for flexible devices. 

The second study focuses on the combinational effect between two additives, PEA2PbI4 

and GlyHCl. A simple co-additive strategy was employed to boost performance of 

inverted PSCs. The champion device achieved a PCE of 23.80 %, Jsc of 25.55 mA cm-

2, Voc of 1.16 V and a high FF of 0.80 with the aid of PEA2PbI4 and GlyHCl. From XRD, 

NRM, FTIR and Tof-SIMS spectra, it was discovered that GlyHCl strongly interacts 

with PbI2/DMF/DMSO to modulate the crystallization process and promote the 

perovskite to grow along the (100) facet. Moreover, GlyHCl that aggregate at the 

bottom surface of perovskites could modify the interfaces and facilitate charge transfer. 

The results of SEM, PL, TRPL and SCLC demonstrate that GlyHCl and PEA2PbI4 can 

enhance the perovskite quality by enlarging grain size, reducing defect density and 

elongating carrier lifetimes. Overall, the combination effect of PEA2PbI4 and GlyHCl 

provides a convenient co-additive method to boost the performance of inverted PSCs. 

The target for taking the additive engineering strategy is for improving the performance 
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of PSCs easily and efficiently. We developed the second work, which using a co-

additive strategy, on the basis of the first work. The experimental results showed that, 

these two strategies work together well and contributed to the best performance of our 

PSCs. The cooperation of these strategies proves that the potential of additive 

engineering as well as the importance to explore new additives.  

5.2 Prospects 

Although the efficiencies of inverted perovskite solar cells demonstrated in this thesis 

are competitive, there are still limitations to the application of these additives, which 

represent barriers to the commercialization of PSCs. The first challenge is device 

stability. Although the efficiency of PSCs has approached that of widely used silicon 

solar cells, their stability still lags behind. This is not solely the responsibility of 

additives engineering but rather a challenge shared by all strategies. Moreover, large-

area fabrication is another paramount issue. The fabrication process for small-area 

devices differs significantly from that of large-area devices. For instance, researchers 

have devoted extensive efforts to using solvents such as DMF and DMSO in small-area 

devices, as they possess excellent dissolving ability for many additives. However, in 

large-area fabrication methods, these two solvents are seldom used due to their slow 

evaporation speeds. This renders many additives exclusive to one solvent system and 

unsuitable for use in large-area fabrication methods. Apart from solvent problems, 

many technologies are exclusive to small-area devices, such as the utilization of 

antisolvent to promote crystallization. Hence, additives engineering should be studied 

under the large-area fabrication system. Fortunately, accumulated experience provides 

logical principles for selecting or designing new additives. 
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