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Abstract 

   Currently, renewable and clean energy sources are globally demandable, and photovoltaic technology is 

one of the sources of renewable energy. Photovoltaic technology can be an alternative source for the ongoing 

energy crisis and could avoid environmental pollution. Among the present photovoltaic technologies, 

perovskite solar cells (PSCs) based on organic-inorganic Pb semiconductor materials have aroused significant 

interest in a short time due to their high absorption coefficient, tunable bandgap, high charge carrier mobility, 

low cost, and low possessing temperature. Since the introduction of conventional lead (Pb) based PSCs in 

2009, the fabrication process has been developed and reached a PCE of PSCs over 25%. The improvement of 

PSCs performance has been considerable and comparable with other solar cell technologies like traditional 

silicon solar cells. Unfortunately, the toxicity of Pb is possibly harmful to the ecosystem and unsuitable for 

large-scale production and commercialization.  

    This thesis work focuses on developing semiconductor materials that have excellent optoelectronic 

properties without toxicity issues for large-scale production. In this thesis work, I focused on the two types of 

Pb-free semiconductor materials, bismuth (Bi) and tin (Sn) perovskite, as absorber materials in PSCs 

application.  

    Bi-halide semiconductor materials might be a suitable alternative to Pb-based semiconductors due to the 

same electronic configuration ([Xe] 4f145d106s26p0). Bi perovskite with CsBi3I10 (CBI) composition has a band 

gap of 1.77 eV and an absorption coefficient of 1.4 x 105 cm-1, which is comparable to the Pb-based perovskite 

in the absorption spectrum ranging from 350 to 500 nm. Unfortunately, Bi-based perovskite semiconductors 

have lower crystallinity, and fabricated PSCs showed a lack of reproducibility and stability. We found the 

possible reasons for the lower quality of crystal as well as reproducibility and stability. To improve the crystal 

quality of fabricated Bi-perovskite films, we optimized the suitable fabrication condition, like the molarity of 

the precursor solution and post-annealing temperature of the films. After that, we introduced the bathocuproine 

(BCP) interfacial layer (BIL) at the perovskite/ETL interface as a structural modification engineering of the 

respective PSC with the configuration of ITO/PEDOT: PSS/CBI/BCP/C60/BCP/Ag. The wider bandgap n-type 

semiconductor BCP can improve the electrical interface contact of the perovskite/ETL interface, thus limiting 

the possibility of hole leakage to the ETL from the HTL and improving overall PSC performance. The modified 
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structure with a 6 nm sized BIL in the perovskite/ETL interface of the PSC demonstrated a maximum PCE of 

0.80%. Furthermore, the good reproducibility of photovoltaic performance has been observed for PSCs with 

BIL at the perovskite/ETL interface, which is a promising result for developing CBI-based PSCs. The best-

performing PSC with a 6-nm-sized BIL demonstrated long-term air stability and retained ~90% of its initial 

PCE even after 528 h. 

    Although Bi-perovskite has many suitable properties which are comparable to Pb-perovskite, in terms of 

PSCs performance, Bi-PSCs are far behind from Pb-PSCs. Due to the poor crystallinity and higher band gap 

of Bi-perovskite, the PCE of Bi-PSCs is lower than that of Pb-PSCs. Fortunately, tin (Sn) belongs to group IV 

in the periodic table. It is a promising candidate for a non-toxic divalent metal cation as an alternative to Pb. 

The Sn-based perovskite has higher charge carrier mobility, a lower exciton binding energy, and a slightly 

smaller radius than Pb2+. 

    Moreover, Sn perovskite could have a band gap between 1.1 and 1.4 eV, and it could reach the highest 

efficiency of 33.7% at 1.34 eV according to the Shockley-Queisser limit. Although Sn-PSCs have achieved 

PCE of over 14%, the performance of Sn-PSCs is still lower than Pb-PSCs due to some chemical constraints. 

The performance limiting factors have been associated with the notorious oxidation of Sn2+ to Sn4+ of the Sn 

perovskite absorber during the fabrication process and anionic vacancies (I- losses), which lead to severe 

defects in Sn-perovskite. In addition, the fast crystallization during the spin-coated process forms inferior-

quality films with small grain sizes, pinholes, and incomplete coverage. These problems collectively generate 

electronic defects which induce trap-assisted nonradiative recombination resulting in low PCE.  

   To address the problems of Sn2+ oxidation and I- losses of fabricated Sn perovskite films, the additive 

with Cl- ion is crucially essential to slow down the nucleation process and enhance the perovskite films quality.  

   In this thesis work, we introduced guanidine-based 1,3-diaminoguanidine monohydrochloride (DAGCl) 

additive as an electronic defect passivation agent in the precursor solution of FASnI3 perovskite. The 

interaction between DAG+ ion of DAGCl and the iodide ion (I-) of SnI2 formed hydrogen bonding and 

suppressed the I- loss of the perovskite framework. Moreover, the Cl- ion formed co-ordination with 

undercoordinated Sn2+ ions and stabilized the FASnI3 perovskite structure with effective suppression of 
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oxidation of Sn2+ to Sn4+. Suppressing the oxidation of Sn2+ and loss of I- guaranteed a better Sn2+/I- 

stoichiometric ratio and showed a PCE of 8.92%. 

   Next, we investigated the origin of Sn2+ oxidation before film formation, and it was discovered that the 

ionization of SnI2 in DMSO causes the oxidation of free Sn2+ ions and I- ions due to the poor chemical stability 

of SnI2-DMSO. We included the multifunctional additive 4-fluorophenylhydrazine hydrochloride (4-F-PHCl) 

in the FASnI3 perovskite precursor solution to address these issues. The hydrazine functional (-NH-NH2) 

group may convert detrimental Sn4+ and I2 defects back to Sn2+ and I- in precursor solution while retaining the 

properties of perovskite solution. Furthermore, cations containing hydrazinium could passivate the cationic 

defect in the final FASnI3 perovskite films. The 4F-PHCl additive in the perovskite films maintains moisture 

stability owing to the presence of a hydrophobic fluorinated benzene ring. As a result, 10% 4F-PHCl modified 

PSCs demonstrated a power conversion efficiency (PCE) of 10.86%, while unencapsulated PSCs retained 

more than 92% of their initial PCE in the N2 glovebox for 80 days. This work opens the door to a more 

controlled Sn-based perovskite precursor solution for efficient and stable Pb-free PSCs. 
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1.1 Motivation  

1.1.1 Crisis of Energy 

    Energy is one of the fundamental needs of modern civilization. The increasing global population and 

rapid advancement of innovative technologies are driving an exponential energy need increase. To keep 

civilization in the right way, it is considerable that the energy demand is increased. There are several 

manifestations of energy, including nuclear energy, thermal energy, electrical energy, mechanical energy, 

magnetic energy, and chemical energy. Electrical energy is the most versatile kind of energy since it can be 

quickly transformed into any other type of energy that may be necessary. Electrical power is the primary 

resource upon which our contemporary society is now dependent. 

    In most cases, electricity is generated by the combustion of fossil fuels, various nuclear power sources, 

and other renewable energy sources. Nuclear power plants have lost their appeal in recent years because of 

concerns over safety and the complexity of the procedure for disposing of radioactive waste. In addition, 

several significant nuclear and radiation accidents have occurred throughout history. Moreover, the poor 

disposal system of radioactive waste puts the environment and human life in danger. From both a financial and 

a technical point of view, there is now no viable alternative to generating power via fossil fuel combustion. 

However, fossil fuels will not be able to satisfy the ever-increasing energy requirements of the global economy 

for much longer. It has been anticipated that oil and natural gas resources will be exhausted over the next few 

decades if other alternative energy sources are not discovered.  

In addition, the burning of these fossil fuels emits greenhouse gases into the atmosphere, such as carbon 

dioxide (CO2), which are the primary contributors to both global warming and changes in the climate.1 Due to 

the presence of greenhouse gases, the temperature of the planet has grown.  

    In the modern world, people will have to find out how to satisfy a rising need for energy while preserving 

the integrity of the natural environment. Developing energy policies to find possible solutions to the energy 

crisis concerning environmental issues is essential. Renewable energy sources are the possible solution. The 

use of renewable energy sources has many advantages, some of which are that they have a low impact on the 

environment, emit very little or no carbon dioxide and other harmful gases into the atmosphere, are a natural 

resource that is not dependent on any external factors, and are an excellent supplement to conventional energy 
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sources. Increasing reliance on renewable energy may help to develop an environmentally friendly economy 

system. 

1.1.2 Sources of Renewable Energy 

    Renewable energy, also known as "green energy," is energy produced from a natural source that is endless 

in supply. Renewable energy sources such as thermal energy, wave energy, wind energy, biomass energy, and 

solar energy have the potential to be converted into a kind of energy that is both environmentally friendly and 

harmless to the planet's atmosphere. When compared to other types of energy sources, the availability of 

renewable energy resources is widespread over the whole planet. Because of this, the expansion of renewable 

energy may help solve many of the most pressing problems we face today. It is anticipated that renewable 

energy sources will play a significant part in the transition of the world's energy system to one that is more 

secure, dependable, and environmentally friendly. In general, for renewable energy sources to be viable for 

everyday life, they need to have prices that are competitive with the energy supplied by traditional sources. 

Every different kind of renewable energy has its own set of constraints to deal with in this regard. For instance, 

the generation of electricity through hydropower is significantly more cost-effective than other methods; 

however, the most significant drawbacks of this method include the location of the plant, its reliance on rainfall, 

the cost of energy transmission, and its significant impact on the environment because of the need to flood a 

large area. Other renewable energy sources, such as geothermal, wave, and biomass, are not only exceedingly 

inefficient but also heavily dependent on the natural environment, making it impossible to use them in practical 

applications.2 As a result, solar and wind power are the only viable alternatives to fossil fuels that provide any 

prospect of meeting the world's growing need for energy in the future. But these sources also have some unique 

drawbacks, such as the fact that they have a high cost of manufacture and are dependent on natural elements 

like the wind and the sun for their operation. Because of this dependence, the power grid, which integrates a 

significant proportion of wind and solar electricity, will need to construct a storage system or develop a highly 

effective energy redistribution method among distant areas. Despite these drawbacks, wind and solar power 

are often regarded as the only viable green energy supply options for the near future, owing to the abundance 

of source materials. 
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    Solar power is the most successful contender among the diverse types of renewable energy sources due 

to the huge amount of energy it supplies to the planet and the quantity of it. The sun can provide heat and light 

to the planet, both of which have various uses in our everyday lives. 

Manufacturing solar cells might contribute to long-term economic development, and sunlight is often 

considered the most significant source of infinite clean energy. Solar power has a theoretical capacity of 90,000 

TW, but this thermotical potential is based on the assumption that all the sun's rays can be turned into useful 

power and that the whole surface of the earth can be put to use in the process of converting solar energy, neither 

of which are realistic possibilities.3  

    If just 20% of the sunlight is converted into usable energy, we would need to cover 890 thousand km2, or 

0.17% of the Earth, to fulfill world energy demand. It is possible to drastically cut down on the amount of land 

needed for solar panels via building-integrated photovoltaics (PVs) and installing solar panels on the roofs of 

business and residential buildings. In 2050, the amount of solar energy contributing to the overall quantity of 

power produced in the United States is about 22%.4 The Energy Information Administration forecasts that 

during the next quarter century, renewable energy sources like solar and wind will account for around fifty 

percent of the additions to the world's energy capacity. This illustrates both the possibility of using solar as a 

substitute source of energy as well as the economic drive to transform sunshine into electricity that can be used. 

Photovoltaics (PV) are quiet, off-grid, and low-maintenance, making them perfect for distant locations and 

transportable applications. Thus, solar power PV technology has garnered attention as a potentially more 

secure sustainable energy source and is the fastest growing generating technology, expanding at roughly 40% 

annually for the previous two decades.5 

1.1.3 Photovoltaic Technology and Solar Cells 

    The word "photovoltaic" is used to define any device or system that is capable of converting energy from 

light into electricity. The conversion of light energy to electricity is called the photovoltaic effect, which was 

discovered by French physicist Edmond Becquerel in 1839.6 After the invention of silicon solar cells based on 

p-n junctions in 1954, the photovoltaic effect was significantly utilized.7 In 1956, MW photovoltaic modules 

were introduced, and since then, photovoltaic technology has been widely used to make clean energy that has 

less of an effect on the environment. However, photovoltaic devices were not commercialized because of their 
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high cost and high level of complexity during production. In the 1960s, thanks to space program research, the 

basic mechanism of photovoltaics was created, significantly increasing performance and cost-effectiveness. 

As the cost of fossil fuels continued to rise, the researcher started investigating photovoltaic technology as a 

potential solution. In the present century, both the efficiency of solar panels and government help for 

technology has increased. In the recent decade, the use of solar energy has risen, becoming a worldwide 

phenomenon and a real and trustworthy source of power. 

    To meet the energy demand, photovoltaic technology has grown quickly and is considered the future 

energy hub. The term photovoltaic only makes sense when talking about turning solar energy into electricity 

since sunlight is the most important green and free energy source. Figure 1-1 shows that photovoltaic devices 

could be divided into three generations based on the materials used and the ways they are made. Silicon solar 

cells, like polycrystalline silicon solar cells and monocrystalline silicon solar cells, are the first generation of 

photovoltaics. Silicon solar cell modules have been used in real life for a long time. But there are a few big 

problems with the first generation of solar cells, such as high fabrication temperature and pressure. Thin film 

semiconductor solar cells are often referred to as second-generation photovoltaics. The semiconductor 

materials of second-generation solar cells often exhibit straight bandgaps, allowing for a much thinner layer 

to achieve a greater light absorption rate, which is a key distinction between first and second-generation solar 

cells.8 Copper indium gallium selenide (CIGS) solar cells, copper zinc tin sulfide (CZTS) solar cells, gallium 

arsenide (GaAs) solar cells, etc., are all examples of second-generation photovoltaics. But there isn't a lot of 

gallium available as a raw material, especially when large-scale industrial production and deposition are taken 

into account. Even worse, the arsenide compound is poisonous. GaAs solar cells couldn't be used as much 

because they were toxic. Moreover, second-generation solar cells are still expensive because they need 

sophisticated fabrication technology. Organic photovoltaics, quantum dot solar cells (QD), dye-sensitized solar 

cells (DSSC), and perovskite solar cells are all types of third-generation solar cells (PSC). The DSSC 

fabrication process is easy and uses low-cost raw materials. In a short time, PSCs showed a rapid increase in 

PCE and became a competitor to silicon solar cells on the market. Even though PSCs have a higher PCE, they 

have some drawbacks, like the toxicity of Pb and lower reproducibility and stability. Based on the most recent 

progress in PSCs, this study aims to investigate the suitable fabrication conditions for higher crystalline films 
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by molarity, annealing temperature, and additive engineering. By this time, the interfacial layer was introduced 

for enhanced reproducibility and stability. 

 

 

1.2 Perovskite Solar Cells 

1.2.1 Properties of Perovskite Materials 

    Perovskite solar cells are solar cells that use perovskite materials as an absorber or active layer in solar 

cell operation. Prof. Miyasaka was the first person to use perovskite as a sensitizer in DSSC in 2009. Since its 

introduction to the research community, the PSC has been capable of attaching many researchers due to its 

excellent electrical and optical properties for photovoltaic applications. The following section will discuss the 

properties of perovskite materials in detail. 

    In 1839, Gustav Rose discovered the first perovskite mineral, CaTiO3, which was named after Russian 

mineralogist Lev Perovskite.10 Any substance with the generic formula ABX3, where A site is a monovalent 

inorganic or organic cation (CH3NH3
+ or NH2CHNH2

+ or Cs+), B represents the divalent metal cations (Pb2+or 

Sn2+or Bi2+), and X represents an anion (Cl-, Br- or I-), is considered to have a perovskite structure, as shown 

in Figure 1-2. Here, the [BX6]4- octahedrons share a corner of space in three dimensions.  

 

    According to theoretical analysis, there are two parameters such as tolerance factor (t) and octahedral  

Figure 1-1. Solar cells generation.9 
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factor (µ), that need to be a consideration for a stable perovskite structure. The t and µ can be calculated by 

using the following equations.12 

                          Tolerance factor, t= 
(rA+rX)

√2 (rM+rX)
 

                         Octahedral factor, µ= 
rM

rX
  

Where rA, rM, and rX are the ionic radii of the monovalent cation, divalent metal, and halide anion, 

respectively, on the perovskite formula ABX3. To produce a stable perovskite structure, the tolerance factor (t) 

must be between 0.81 and 1.11, whereas the octahedral factor (µ) must be between 0.44 and 0.90. 

    A common characteristic of perovskite materials is a high absorption coefficient. For instance, at 

wavelengths below 600 nm, CH3NH3PbI3 (MAPbI3) has an absorption value of 104~105 cm-1. This value is 

higher than the silicon solar materials.13, 14 Compared to more common semiconductors like GaAs, CdTe, or 

Cu (In, Ga) Se2, the optical absorption coefficient of MAPbI3 is either greater or on par with it (CIGS).13 

Thin layers of perovskite may absorb a lot of light because of their high absorption coefficient. For optimal 

solar performance, a thinner film with fewer defects and less charge recombination is crucial.15, 16 The produced 

carriers will be recombined if the absorber's thickness is greater than the diffusion length, preventing them 

from entering the electron transport layer (ETL) or the hole transport layer (HTL). 

    When a photon with an energy more than or equal to the bandgap energy is absorbed by a semiconductor, 

a quasiparticle called an exciton is formed. When light creates an electron-hole pair, the pair is held together 

by the attractive Coulomb attraction. Perovskite material's weak interaction allows excitons to freely flow 

throughout the crystal. For instance, the exciton binding energy of CH3NH3PbI3 ranges from 15 to 34 meV at 

Figure 1-2. Scheme of the structure of perovskite materials.11 
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low temperatures to from 5 to 29 meV at ambient temperature.17 Energy loss may be minimized by lowering 

the exciton binding energy. 

    The carrier diffusion length in solution-process organic-inorganic perovskites is 500 nm-800 nm, which 

is orders of magnitude larger than in organic semiconductors (~10 nm).18 One of the most crucial parameters 

for effective charge transfer in solar applications is the carrier diffusion length. A greater absorber layer 

thickness may be achieved with a longer diffusion length without compromising charge recombination and 

collection. According to the following equation, the diffusion length (LD) is correlated to the lifetime (τ) and 

mobility (µ) of charge carriers. 

                Diffusion length, LD= √(𝐾𝐵 𝑇𝜇𝜏) 𝑒⁄  

Where 𝐾𝐵, T, and e are the Boltzmann constant, temperature, and elementary charge, respectively. The 

crystallinity, morphology, and defects type effect above mentioned parameters. 

    Even though perovskite is a natural semiconductor, its behaviour is usually either p-type or n-type, 

depending on how it is made. For example, if Sn-based perovskite is made in a reducing environment, it 

becomes an n-type semiconductor. On the other hand, if it is made in an oxidizing environment, it acts like a 

p-type semiconductor. But in general, p-type behaviour is seen in both Sn-based and Bi-based perovskites. 

1.2.2 Perovskite Solar Cells Structure and Working Mechanism 

    The initial structure of PSCs is based on that of DSSCs, and perovskites ((CH3NH3)+PbI3) are employed 

as sensitizers rather than Ru complexes, with a 3.8% conversion efficiency.19 The perovskite layer as an 

absorber is mainly sandwiched between the ETL and the HTL to generate holes and electrons, and those 

carriers are collected by respective transport layers in solar cells configuration. Based on the use of the 

transport layer, the PSCs structure can be divided into three categories, as shown in Figure 1-3. 
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    The general operating concept of PSCs consists of photon absorption, charge separation, and charge 

transportation. When a light source is directed towards a perovskite material, an exciton is formed as a result 

of an electron moving from the valence band to the conduction band (i.e., electron-hole pair). Due to the low 

excitonic binding energy of perovskites (i.e., 4-22 meV for CH3NH3PbI3), excitons in these materials dissociate 

into free holes and electrons at ambient temperature, allowing them to move freely throughout the device. The 

electrons and holes move across the perovskite and are collected by the respective transport layer. It is crucial 

to select the ETL and HTL that match the energy levels of the perovskites conduction band (CB) and valence 

band (VB) level that guarantees efficient carrier transportation. To do this, the most important thing is to choose 

ETL or HTL with energy levels that match those of perovskite. For a good HTL to work well in photovoltaics, 

its conduction band or lowest unoccupied molecular orbital should be much higher than that of perovskite. At 

the same time, the highest occupied molecular orbital, or valence band, of HTL should be right above the 

valence band of perovskite. For the ETL, the opposite specifications are needed. This charge selectivity 

property is important for how well the device works because if an electron goes to the wrong electrode, it will 

combine with one of the many holes there without giving off any radiation. Photogenerated charges are lost 

because of this process. The schematic illustration of the inverter planer PSC is shown in Figure 1-4. 

Recombination of charges by non-radiative recombination happens at the grain boundaries and interface that 

converts the photogenerated charge into heat. By controlling the defects, the unwanted losses of 

photogenerated carriers could be minimized. 

 

(a) (b) (c) 

Figure 1-3. Illustrations of the three kinds of PSC architecture. (a) n-i-p mesoporous structure. (b) n-i-p planer 

structure. (c) p-i-n planer structure.20 
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1.3 Lead-Halide Perovskite 

    Many research groups are interested in hybrid organic–inorganic perovskites (HOIPs) as possible 

semiconductive materials because they are easy to fabricate and have good optoelectronic properties for 

photovoltaic applications. Perovskite materials can be used as absorbers in perovskite solar cells because they 

have a high absorption coefficient, a bandgap that can be tuned, and a low processing temperature (PSCs). In 

the 12 years since it was first used in 2009, conventional PSCs based on lead (Pb) have reached a power 

conversion efficiency (PCE) of over 25% on the lab scale.22 Studies aimed to optimize the Pb halide perovskite 

layer's stability, deposition, device layout, interface engineering with neighbouring semiconductor layers, and 

high-throughput fabrication techniques in preparation for commercialization. 

1.3.1 Lead-Halide Perovskites Issues 

    In spite of the many exciting benefits and recent developments, lead-based solar cells still have several 

significant issues. The toxicity of the Pb2+ cation, as well as the pollution that is created by the loss of lead 

from the perovskite solar cell module are two of the most significant issues. In addition, the deployment of Pb-

based PSCs in real life is effectively hindered owing to the prohibition of utilizing a large quantity of dangerous 

Pb in industrial production. This restriction was put in place to protect humans from the harmful effects of Pb. 

Scientists found that exposure to Pb2+ cation has negative effects on both the human neurological system and 

the reproductive system.23 High concentrate Pb2+ cations would be produced if lead perovskites were degraded 

Figure 1-4. Schematic illustration of working principle of PSC for inverted planar 

(ITO/HTL/perovskite/ETL/metal electrode) structure with energy diagram.21 
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in a humid environment or by intense UV light. 

Even though careful encapsulation can keep the lead loss to a small amount, the lead perovskite degradation 

is usually irreversible. Perovskite photovoltaics are most destroyed by moisture and high temperatures. The 

results of a study showed that hybrid lead perovskite materials break down quickly when there is a lot of water 

or when the temperature is high (over 140 ℃).24 These breakdowns often happen at the defect sites at the 

interfaces. When there is a lot of oxygen around, UV light can speed up the movement of oxygen molecules 

through the perovskite layer. 

    The U.S. EPA says that the most Pb2+ that can be in the air and water is 0.15 g L–1 and 15 g L–1, 

respectively.25 Perovskites degrade into PbI2, which has a higher solubility (Ksp) than the toxic Cd2+ in CdTe 

solar cells, which has a Ksp on the order of 1x 10–22.26 This makes PSCs fabricated from lead more dangerous 

than CdTe solar cells. Perovskite is easily dissolved in water, which means it could leak into the environment 

through rain and have a big effect on the environment and nature around us. With the risk that PSCs could 

release a lot of Pb into the environment, it is important to replace the toxic Pb in PSCs with non-toxic materials 

before commercialization. Figure 1-5 represents the toxic effect of Pb on the environment and human body.

 

(a) (b) 

(c) 

Figure 1-5. (a) Environment pollution by Pb. (b) Toxicity of Pb in human body. (c) Risk of Pb-based PSCs for 

food chain.27 
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1.4 Non-Toxic Elements to Substitute Pb in Perovskite Solar Cells 

    Numerous research efforts have been made to address the aforementioned concerns. Good encapsulation 

and cautious fabrication methods may often slow or stop the degradation of a solar cell. It is true that these 

issues are unsolvable. Developing effective lead-free perovskites to replace those containing lead in halide 

perovskites seems like the most likely way to proceed. 

    Many potential replacement components have been studied up to now. Bismuth (Bi), a member of the VA 

group of the periodic table, has been investigated as a substitute element of Pb. Fortunately, Bi3+ and Pb2+ have 

the same electronic configuration ([Xe] 4f145d106s26p0) and have relatively comparable ionic radii.28 

Experiments and theoretical modeling have shown that bismuth perovskites have a high defect tolerance, a 

long carrier lifetime, and a low defect state density. Bismuth has been shown to be much less toxic than lead. 

However, bismuth perovskite has shown several significant issues. As a result of forming a 2D hexagonal 

layered structure, bismuth perovskite would have some intrinsic defects.29 Furthermore, bismuth perovskite 

has a larger (~2.0 eV) and indirect bandgap which ensures the lower performance of the solar cells.30 Another 

important problem of bismuth perovskite is lower electron mobility compared to Pb perovskite.31  

    As an alternative to Pb2+, tin (II) has been considered in PSCs applications. Sn-based halide perovskites 

have structural similarities with Pb-based perovskites, and both may produce compounds with +2 valence. In 

addition to having almost the same atomic radius, Pb and Sn have the same outer shell orbitals that are not 

being used. Due to the similarities between Pb and Sn, it is easier to replace Pb with Sn without changing the 

excellent optoelectronic properties. Because of their optimal band gap in the spectrum of 1.1 eV to 1.4 eV, Sn-

based PSCs have theoretical limitations of about 32.91%, which is greater than Pb-based PSCs (30.14%).32 In 

contrast, the limitations of Sn-based perovskites were revealed. Instability has been observed for Sn2+ cations. 

The 3D perovskite quickly reduces to 2D or even decomposes when exposed to moisture or any oxidizing 

agent since Sn2+ is rapidly oxidized into Sn4+.  

1.5 General Introduction 

    Perovskites containing lead (Pb) halide have attained a significant amount of attention since it was 

introduced.33 The efficiency has swiftly eclipsed that of all third-generation photovoltaics (PVs), reaching a 
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PCE of over 25% in a decade.34 Methylammonium lead iodide (MAPbI3) is the compound that has received 

the most attention from researchers because it possesses an impressive combination of material properties. 

These material properties include a suitable bandgap, long diffusion length of charge carrier, a high absorption 

coefficient, and a high tolerance for defects, and they can be made in the solution process.35-39 Due to the 

suitable optoelectronic properties, Pb halide perovskites are an exciting photovoltaic technology for making 

high-performance solar cells at low cost.40, 41 Also, Pb halide perovskites have a bandgap that can be changed, 

which lets this material be used in different optoelectronic devices like LEDs, lasers, and photodetectors.42-45 

    The toxicity and the inherent instability of lead halide perovskites are the two primary factors that hinder 

the widespread commercialization of lead halide perovskites.46, 47 Even though careful encapsulation can keep 

the lead loss to a small amount, the lead perovskite degradation is usually irreversible. The decomposition 

happens faster when there is water, heat, and light.48, 49 When the material decomposes, it turns into water-

soluble Pb halides, which are hazardous to the environment because they can pollute water sources.50 

    It is important to replace or lower the quantity of Pb in PSCs while maintaining optoelectronic properties. 

Recently, for photovoltaic applications, studies have been conducted to identify Pb-free materials with suitable 

optoelectronic properties. The emphasis is increasingly shifting toward discovering and developing low-toxic 

and stable materials for widespread use. Therefore, bismuth (Bi), a member of the VA group of the periodic 

table, has been investigated as a substitute element of Pb. Fortunately, Bi3+ and Pb2+ have the same electronic 

configuration ([Xe] 4f145d106s26p0) and have relatively comparable ionic radii.28 Although Bi-PSCs have a 

lower PCE until now but in terms of stability promise aspiring results initially.51 Among all Bi-based absorbers, 

A3Bi2I9 (A = MA, FA, and Cs) has attracted considerable attention. However, because of the poor morphology 

of the fabricated thin films, the performance of A3Bi2I9-PSC remains challenging. Fengzhu et al. used a cation 

displacement approach to fabricate MA3Bi2I9 perovskite films with a PCE of 0.33%.52 Park et al. used a one-

step spin-coating process to incorporate two distinct cations, Cs and MA, in A3Bi2I9-PSC and achieved a PCE 

of >1%.53 However, the lower PCE could be attributed to the inferior surface morphology and wider bandgap 

(2.03 eV).54 CsBi3I10 (CBI) might be a possible solution in the Bi-PSCs community. CBI has a suitable bandgap 

of 1.77 eV and an absorption coefficient of 1.4 × 105 cm−1, which is comparable to the Pb-based perovskite in 

the absorption spectrum ranging from 350 nm to 500 nm. Unfortunately, few studies have been conducted on 
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the CBI perovskite because of the lack of reproducibility. Previously, Johansson et al. performed a one-step 

spin-coating technique to deposit CBI on top of mesoporous TiO2 and achieved a PCE of 0.40%; however, 

their fabricated CBI layer had multiple pinholes.55 Then, the same group used a two-step recrystallization 

method with 4-tert-butylpyridine to improve the crystal size.56 Liang et al. used a solvent annealing process, 

and the fabricated PSCs exhibited decay under ambient conditions even for 10 days.57 Although the stability 

of CBI-PSCs may be promising, the CBI-PSCs performance remains low. In our previous study, we examined 

CBI-PSCs using various solvent and anti-solvent techniques to improve the surface morphology of the CBI 

perovskite with a PCE of 0.63%.58 Then, we focused on determining the impact of different hole transport 

layers on fabricating highly crystalline CBI films.59 During those investigations, we observed that the 

reproducibility of Bi PSCs is significantly lower than that of Pb-PSCs and Sn-PSCs. Lower reproducibility 

can be explained by two factors: (i) crystal defects and lower surface coverage and (ii) weaker interfacial 

contact in the perovskite/electron transport layer (ETL). Lower crystallinity generates pinholes that remain 

inside the crystal, thus resulting in short-circuit of the overall PSC because of the direct contact between ETL 

and HTL through the pinholes of the Bi-perovskite. Collectively, crystal defects and weaker interface contact 

at the Bi-perovskite/ETL remain a critical issue for the limited photovoltaic performance and low 

reproducibility of the respective PSCs.60  

    As per the Gibbs–Thomson effect and thermodynamic theory, the concentration (molarity) of the 

precursor solution and annealing temperature affect the crystallization of the film during the fabrication 

process.61, 62 The precursor solution concentration assists in the crystal size regulation by lowering the crystal 

curvature as crystal size increases. Fortunately, the appropriate solution concentration gradients assist in the 

reduction of small particles by diffusing the growth direction to the largest particles, resulting in the appearance 

of larger particles. However, a suitable post-annealing temperature generates the appropriate inter-atomic 

energy for the crystal with homogeneous nucleation. Furthermore, the appropriate energy of the crystal assists 

in the crystal’s growth in the same direction and produces a larger crystal. Another performance-limiting factor 

is the weaker interface contact at perovskite/ETL or perovskite/HTL. The weaker interfacial contact reduced 

the carrier transportation to ETL or HTL or both layers and was responsible for charge accumulation. However, 

a few attempts have been made to improve the interface contact of CBI perovskite/ETL or CBI perovskite/HTL. 
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    We fabricated CBI perovskite thin films under different fabrication conditions (by varying the molarity 

and temperature) and optimized the suitable fabrication condition. Furthermore, we introduced the 

bathocuproine (BCP) interfacial layer (BIL) at the perovskite/ETL interface as a structural modification 

engineering of the respective PSC with the configuration of ITO/PEDOT: PSS/CBI/BCP/C60/BCP/Ag. The 

wider bandgap n-type semiconductor BCP can improve the electrical interface contact of the perovskite/ETL 

interface, thus limiting the possibility of hole leakage to the ETL from the HTL and improving overall PSC 

performance. In this study, the modified structure with a 6 nm-sized BIL in the perovskite/ETL interface of the 

PSC demonstrated a maximum PCE of 0.80%. Furthermore, the good reproducibility of photovoltaic 

performance has been observed for PSCs with BIL at the perovskite/ETL interface, which is a promising result 

for developing CBI-based PSCs. The best-performing PSC with a 6-nm-sized BIL demonstrated long-term air 

stability and retained ~90% of its initial PCE even after 528 h. 

    Although Bi-perovskite has many suitable properties which are comparable to Pb-perovskite, in terms of 

PSCs performance, Bi-PSCs are far behind from Pb-PSCs. Due to the poor crystallinity and higher band gap 

of Bi-perovskite, the PCE of Bi-PSCs is lower than that of Pb-PSCs. Fortunately, tin (Sn) belongs to group IV 

in the periodic table and is a promising candidate for a non-toxic divalent metal cation as an alternative to Pb. 

The Sn-based perovskite has higher charge carrier mobility, a lower exciton binding energy, and a slightly 

smaller radius than Pb2+.63 Moreover, Sn perovskite could have a band gap between 1.1 and 1.4 eV, and it could 

reach the highest efficiency of 33.7% at 1.34 eV according to the Shockley-Queisser limit.64, 32 Although Sn-

PSCs have achieved PCE of over 14%, the performance of Sn-PSCs is still lower than Pb-PSCs due to some 

chemical constraints.65 The performance limiting factors have been associated with the notorious oxidation of 

Sn2+ to Sn4+ of the Sn perovskite absorber during the fabrication process and anionic vacancies (I- losses), 

which lead to severe defects in Sn-perovskite. In addition, the fast crystallization during the spin-coated 

process forms inferior-quality films with small grain sizes, pinholes, and incomplete coverage. These problems 

collectively generate electronic defects which induce trap-assisted nonradiative recombination resulting in low 

PCE. 

    Moreover, Sn-PSCs are subjected to a more serious energy level mismatch with the frequently used carrier 

transport layers.66 This mismatch is responsible for the nonradiative recombination center at the 
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perovskite/transport layer interface, leading to the loss of VOC. The VOC loss called VOC deficit is defined as 

Eg/q - VOC, where Eg is the optical band gap, and q is the elementary charge.67 In an attempt to reduce the 

nonradiative recombination and trap density of the tin perovskite films and improve the VOC and stability of 

the respective Sn-PSC, several surface passivator agents have been adopted.68 Meanwhile, Lewis acid or Lewis 

base molecules and inorganic or organic salts have been used as passivation agents.69 In the fabricated 

perovskite films, the positive or negative charge defects may present simultaneously. Commonly used Lewis 

acid/base molecules could passivate only positively or negatively charged defects.70 On the other hand, 

inorganic or organic salts have been considered promising due to the ability of cationic and anionic defects 

passivated together. Recently, we have adopted a Lewis base molecule diaminomaleonitrile (DAMN) with a 

cyano group, reduced the electron losses at the perovskite/ETL interface, and improved the VOC of an Sn-

PSC.71 Islam et al. showed that N2H5Cl, as a co-additive with amino and Cl- groups, could retard the rapid 

crystallization process and improve the PSC performance.72 Diau et al. revealed that the introduction of 

ethylenediammonium diiodide (EDAI2) regulated the formation of the FASnI3 film and successfully passivated 

the surface defects.73 Our group recently introduced hydroxylamine hydrochloride (HAHc) salt with the 

functional group hydroxyl and anion Cl-, which efficiently reduced the electronic defects of the tin perovskite 

film and resulted in an improved VOC of the respective PSC.
74 Abate et al. introduced ionic liquid n-

butylammonium acetate (BAAc) to the perovskite precursor solution and controlled the perovskite 

crystallization by the N-H···X hydrogen bonds and solid  O···Sn bonds through interactions between the 

BAAc and perovskite precursors.75 Recently, 2-guanidinoacetic acid (GAA) has been used to passivate the Sn-

related and I-related defects, improve the structural toughness, and promote the carrier transport of Sn 

perovskites.76 An additional study has shown that bulky cations such as butylammonium (BA+), 

phenylethylammonium (PEA+), 5-ammoniumvaleric acid (5-AVA+) with the functional group -NH3
+, and 

guanidinium (GA+) with the functional group -NH2 can passivate defects, tune the energy levels of the 

respective perovskite layer, and improve the VOC of the Sn-PSC.77-80 When nonpolar GA+ was incorporated 

into a perovskite composition of formamidinium tin triiodide (FASnI3), the VOC of the respective PSC was 

enhanced significantly by mitigating the surface defects.78 In earlier work, Hu et al. introduced a guanidine-

based additive, aminoguanidine hydrochloride (NH2GACl), as an additive into a precursor solution of Sn-
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based perovskite and achieved a VOC of 0.54 V with PCE of 7.3%.81 Yao et al. introduced the 1,3-

diaminoguanidine monohydrochloride (DAGCl) into the Pb-based perovskite precursor solution for a two-step 

fabrication process.82 Surprisingly, other than lead-based PSCs, no one has used DAGCl for Sn-based PSCs in 

a one-step solution process. So, it is important to find out the feasible approach to passivate the defects of Sn-

based perovskite films and improve the Sn-PSC device performance with the addition of the DAGCl additive. 

    The effective electronic defect passivation of FASnI3 perovskite has been achieved by adding an 

optimized concentration of the guanidine-based additive DAGCl in the perovskite precursor solution. The 

multiple polar hydrogen groups (Nδ--Hδ+) of DAGCl and the electronegative iodide ion (Iδ-) could form strong 

hydrogen bonding (-NH ∙∙∙I-) in the perovskite framework and suppress the loss of I-. Additionally, the Cl- ion 

may be coordinated with the undercoordinated Sn2+ in the perovskite structure, stabilizing the perovskite 

framework and retarding the oxidation of Sn2+. This dual function of the DAGCl additive helps to form 

compact and uniform films and enhance the crystallinity of the respective perovskite film. We revealed that 

incorporating DAGCl in perovskite films successfully passivated the electronic defect, enhanced the carrier 

lifetimes, and improved the VOC of PSCs. As a result, the optimized DAGCl (3 mol %) in PSCs showed a PCE 

of 8.92% with a high VOC of 0.61 V and an enhancement of ≈110 mV from the pristine PSC (0.50 V). 

Additionally, DAGCl-modified PSCs demonstrate excellent light-soaking stability under simulated AM 1.5G 

(100 mWcm-2) at the maximum power point tracking (MPPT) conditions in ambient conditions (room 

temperature, humidity ~34%) and keep 95% of the initial PCE after being stored in an N2 glovebox for 1100 

h with encapsulation. 

    However, we improved the PCE of FASnI3 PSC after modifications, but there is still a disparity in 

efficiency, reproducibility, and stability between tin-based PSCs and lead-based PSCs. We focused on the root 

of defects which is the properties of the perovskite precursor solution. Because all research mainly focused on 

the reduction of Sn2+ oxidation and suppression of bulk defects of fabricated perovskite films. 

    To prepare the FASnI3 perovskite precursor solution, traditional dimethyl sulfoxide (DMSO) is used as a 

solvent, and it is responsible for the irreversible oxidation of Sn2+ in the precursor solution even in the glovebox 

with very less amount of oxygen.83 In addition to this, during the annealing process, the I ions (I-) can easily 

be volatilized and reduce the fabricated film quality.84 Gao et al. reported that SnI2 was dissociated in solvent, 
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and I- ions were oxidized in addition to Sn2+.85 They found that Sn2+ oxidation generated from the dissociation 

of SnI2.  The oxidation of Sn2+ and I- in precursor solution directly hampered the stoichiometric ratio of the 

fabricated films and damaged the film's quality. Many research groups claimed that the devices performance 

from various research facilities is difficult to reproduce, sometimes even by the same individual, due to the 

properties of the precursor solution.86 PSCs performances are very much sensitive to precursor solutions 

properties. Given its relevance, precursor solution properties have received less research interest than 

perovskite solar device stability in the last decade.  

    Here, we report a low-cost multifunctional molecule, 4-fluorophenylhydrazine hydrochloride (4F-PHCl), 

in perovskite precursor solution to enhance the PCE and stability of FASnI3-PSCs. The hydrazine functional 

(-NH-NH2) group in 4F-PHCl additive can effectively I2 defects back to I-, which inhibits the formation of I2 

and generation of free Sn2+ ions in precursor solution and effectively suppresses the Sn2+ oxidation. In addition, 

large organic cation 4F-PH+ ions are successfully incorporated into the crystal lattice without any 

dimensionality reduction of 3D perovskite crystals. Because of these multifunction effect, the 4F-PHCl-

modified PSC showed a PCE of 10.86 %. Most importantly, the encapsulated PSC maintained 92 % of the 

initial PCE upon storing in the N2-filled glovebox over 80 days. The incorporation of a hydrophobic fluorinated 

benzene ring in Sn-perovskite enhanced the moisture stability of the fabricated films and devices. Overall, this 

work provides an in-depth insight into the properties of perovskite precursor solutions for fabricated high-

quality films and promoting highly efficient and stable Sn-PSCs. 

1.6 Aim of this Thesis 

    Lead-based perovskite photovoltaics have emerged as the most promising third-generation solar cells 

since it was introduced in 2009. However, the commercialization of perovskite solar cells faces challenges due 

to the toxic element of Pb in PSCs. After fully replacing the Pb element with Bi and Sn, other challenges arise 

for the research community. Bi-perovskite has a lower quality of crystallinity, and in the case of photovoltaic 

application, the reproducibility and stability are lower compared to Pb-PSCs. In Sn-perovskite, the most 

challenging is the fast crystallization process during the fabrication process. Another challenging issue for Sn-

perovskite is the easy oxidation of Sn2+ and I- ions and reduced stability, as well as the performance of the solar 

cells. 
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    Considering the challenges mentioned above for Pb-free PSCs, this thesis aims to develop the fabrication 

process of Bi-PSC with higher reproducibility and stability. In the case of Sn-PSCs, we controlled the 

crystallization process and suppressed the Sn2+ oxidation and I- ions losses in the final films. Also, we focused 

on the origin of Sn2+ during the fabrication process and successfully controlled the Sn2+ and I- ions oxidation 

in the precursor solution. 

    In Chapter 3.1, I discussed the suitable fabrication conditions of CsBi3I10 thin films to develop the films' 

quality and reduce the weaker interfacial contact in the perovskite/electron transport layer (ETL) interface. I 

have introduced the bathocuproine (BCP) interfacial layer (BIL) at the perovskite/ETL interface for the first 

time in Bi-PSCs and improved the reproducibility and stability as well as PCE.  

    In Chapter 3.2, I have focused on the most challenging issues of Sn-PSCs. I have used an additive 

engineering process to suppress the Sn2+ oxidation and I- losses in Sn perovskite films by introducing the 1,3-

diaminoguanidine monohydrochloride (DAGCl) additive in the FASnI3 perovskite precursor solution. The 

interaction between the DAG+ ion of DAGCl and the iodide ion (I-) of SnI2 formed hydrogen bonding and 

suppressed the I- loss of the perovskite framework. Moreover, the Cl- ion formed co-ordination with 

undercoordinated Sn2+ ions and stabilized the FASnI3 perovskite structure with effective suppression of 

oxidation of Sn2+ to Sn4+. Suppressing the oxidation of Sn2+ and loss of I- guaranteed a better Sn2+/I- 

stoichiometric ratio and showed a PCE of 8.92%. 

    In Chapter 3.3, I have focused on the root of Sn2+ and I- ions oxidation in the FASnI3 perovskite precursor 

solution and introduced the possible approach to solve this problem by 4-fluorophenylhydrazine hydrochloride 

(4F-PHCl) additive. Interestingly, 4F-PH+ was incorporated into the FASnI3 perovskite crystal lattice. 

Moreover, the hydrazine group of 4F-PHCl effectively reduced I2 or I3
- defects back to I- and suppressed the 

Sn2+ oxidation. Those positive effects of the 4F-PHCl on perovskite films have shown improved PSCs 

performance and achieved a PCE of 10.86 %.  
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2.1 Raw Materials 

We used all chemicals as-received without any further purification, including Bismuth Iodide (III) (BiI3) 

(Sigma Aldrich, 99%), Cesium Iodide (CsI) (Sigma Aldrich, 99.999%), Tin (II) iodide (SnI2, 99.99%, Sigma–

Aldrich), Formamidinium Iodide (FAI, > 98%, Tokyo Chemical Industry Co., Japan), Tin (II) Fluoride (SnF2, 

>99%, Sigma-Aldrich), Ethylenediammonium Diiodide (EDAI2) (Merck), 1,3-Diaminoguanidine 

Hydrochloride (DAGCl, > 98%, Tokyo Chemical Industry Co., Japan), 4-fluorophenylhydrazine Hydrochloride 

(4F-PHCl, > 97%, Tokyo Chemical Industry Co., Japan), poly(3,4-ethylenedioxythiophene)-polystyrene 

sulfonate (PEDOT:PSS) (Clevious P VP Al 4083), C60 (99.5%, Lumtec Co., Taiwan). Bathocuproine (BCP), 

N,N-dimethylformamide (DMF, 99.8%), anhydrous dimethyl sulfoxide (DMSO, 99.8%), anhydrous 

chlorobenzene (CB, 99.8%), methanol, and ethanol, were purchased from Wako Co., Japan. 

2.2 Adduct Preparation 

    The SnI2- DAGCl or SnI2-4F-PHCl adducts were prepared by mixing SnI2 (298 mg) with DAGCl (7.53 mg) 

or 4F-PHCl (16.25 mg) in 1 ml of DMSO solvent. The solution was stirred for 2 hours. After that, the solution 

was kept overnight. The final precipitate was collected, washed with chlorobenzene, and dried under a vacuum. 

2.3 Perovskite Solar Cells Fabrication Process 

2.3.1 Fabrication Process of Bi-Based Solar Cells 

2.3.1.1 Preparation of Bi-Perovskite films 

    CsI and BiI3 were mixed at a molar ratio of 1:3, dissolved in a 7:3 volume ratio of DMF: DMSO solvent, 

and stirred overnight at 50 °C to create the precursor solution for the CsBi3I10 perovskite film. Spin-coating 

procedures were used to fabricate the CsBi3I10 thin films in two stages, the first lasting 12 seconds at 1000 rpm 

and the second 24 seconds at 5500 rpm. Annealing on a hot plate at 80 °C for 10 minutes, 100 °C for 10 minutes, 

120 °C for 10 minutes, and 140 °C for 10 minutes was followed by anti-solvent dripping with 150 µl of 

chlorobenzene added in the last 10 seconds. 
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2.3.1.2 Solar Cells Fabrication 

    PSCs were fabricated on glass substrates coated with patterned indium tin oxide (ITO). Substrates were 

cleaned using deionized water, detergent, ethanol, and acetone in an ultrasonic cleaner. We used nitrogen gas to 

dry the glass substrates and then cleaned them with UV-Ozone for 30 minutes. To deposit the PEDOT: PSS on 

the ITO substrate, spin-coating methods were used twice, the first time at 1000 rpm for 10 seconds and the second 

time at 4000 rpm for 30 seconds. Afterward, the PEDOT: PSS films were annealed at 150 °C for 15 minutes 

before being cooled to room temperature. After the substrates cooled to room temperature, they were moved to 

the glove box where CsBi3I10 perovskite films were deposited. Next, we used thermal evaporation to deposit BCP 

(a) 

(b) 

Figure 2-1. (a) The fabrication steps of Bi-based perovskite solar cells. (b) Fabricated Bi-PSC structure. 
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(X nm), C60 (20 nm), and BCP (6 nm). Finally, a 70-nm-thick Ag layer with an active area of 0.09 cm2 was 

vacuum-deposited through a shadow mask. Pictured in Figure 2-1 are the overall steps for fabricating devices. 

2.3.2 Fabrication Process of Sn-Based Solar Cells 

2.3.2.1 Preparation of Sn-Perovskite films 

    For the FASnI3 perovskite film, an equimolar ratio of SnI2 and FAI was combined with 10 mol% SnF2 in 

1 ml DMSO solvent. Different amounts of DAGCl or 4F-PHCl were included in the perovskite-based solution 

for the modification. EDAI2 was added to all of the precursor solutions at a concentration of 1.5 mol%. For the 

fabrication of the FASnI3 film, the precursor solution was spin-coated at 5000 rpm for 62 seconds before being 

annealed at 100 °C for 10 min. After 34 seconds of spin-coating, the antisolvent chlorobenzene was dripped 

over the spinning sample. 

2.3.2.2 Solar Cells Fabrication 

    Sn-PSCs were fabricated on the patterned indium tin oxide (ITO) coated glass substrates. The substrates 

were ultrasonically cleaned with detergent, de-ionized water, acetone, and ethanol, respectively, for 10 min each. 

After that, the cleaned ITO substrates were exposed to UV/ozone radiation for 30 minutes to remove any 

contaminants. A PEDOT: PSS hole transport layer was deposited on top of the ITO substrate by spin-coating at 

4000 rpm for 30 s. The PEDOT: PSS films were then annealed at 150 °C for 30 min and cooled down to room 

temperature. After cooling at room temperature, the substrates were transferred to the N2 glove box, and the 

FASnI3 films were deposited. Subsequently, C60 (50nm) electron transport layer and BCP (7 nm) were deposited 

by carrying out thermal evaporation at the rate of 1.0 /s. Finally, a 60 nm thick Ag layer was vacuum deposited 

through a shadow mask with an active area of 0.09 cm2. Figure 2-2 shows the fabrication steps for Sn-PSC. For 

encapsulation of PSCs, we added a little amount of UV glue on the edges of transparent cavity glass and covered 

the solar cell. The encapsulation was finished after 15 s of soaking under UV light (Figure 2-2c). 
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2.4 Characterization 

    Fourier transform infrared (FTIR) measurements were performed to study the bonding between the used 

organic additives with SnI2. X-ray diffraction (XRD) measurements were carried out on the perovskite films to 

confirm the crystal structure. The top view of surface morphological images of films was obtained using 

screening electron microscopy (SEM) with energy-dispersive spectroscopy (EDX) for element mapping. The 

UV−visible absorption spectra were measured to study the band gaps of the perovskite films. The photoelectron 

emission spectra were measured using an AC-3E photoelectron spectrometer for Sn-perovskite and UPS for Bi-

perovskite. The steady-state photoluminescence (PL) and time-resolved photoluminescence (TRPL) spectra were 

measured to understand the charge transfer properties and kinetics of the fabricated perovskite films. The changes 

in electron mobility and electron trap-state density of the perovskite films were evaluated by dark current-voltage 

(J−V) analysis for electron-only devices. To investigate the effect of additives on the photovoltaic performance 

of PSCs, we fabricated the PSCs. The current density-voltage (J-V) and incident photon-to-current efficiency 

(a) 

(b) (c) 

Figure 2-2. (a) The fabrication steps of Sn-based perovskite solar cells. (b) Fabricated Sn-PSC structure. (c) 

Encapsulated Sn-PSC. 
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(IPCE) of the fabricated PSCs were measured. The transient photocurrent (TPC) decay and the transient 

photovoltage (TPV) decay were measured in the PSCs to obtain information about the electron transportation 

process and the change in the carrier recombination process. The charge recombination of the PSCs was also 

examined using electrochemical impedance spectroscopy (EIS). Finally, the operational stability under maximum 

power point conditions and stability inside an N2 glovebox were investigated. Figure 2-3 shows the image of 

instrumental tools used for the fabrication and characterization of PSCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3. The instruments used for the fabrication and characterization of PSCs. 
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3.1.1 Crystallographic Properties of Bi-Perovskite Films 

    First, we fabricated the CBI films on top of the ITO/PEDOT: PSS using a two-step spin coating process. 

We used precursor solutions with different molar concentrations (0.8M, 1.0M, or 1.2 M) and defined them as 

CBI-1 (0.8 M), CBI-2 (1.0 M), and CBI-3 (1.2 M), respectively. Second, the optimized CBI-2 (1.0 M) films 

were annealed at 80 °C, 100 °C, 120 °C, and 140 °C to understand the effects of annealing temperature on the 

nucleation and crystal growth properties. 

    We used X-Ray diffraction (XRD) to examine the structural properties of the obtained CBI films after 

changing the respective precursor solution concentration and annealing at 120 °C. Figure 3.1-1a shows the 

XRD patterns at different molar concentrations of the precursor solution of CBI on top of the ITO/PEDOT: 

PSS. The CBI film shows certain diffraction peaks primarily located at 12.87°, 24.50°, 25.72°, and 41.71°. 

These diffraction peaks are easily assigned to (003), (006), (115), and (300) crystal planes of the hexagonal 

CBI phase, respectively. The peaks plane (003), (006), (115), and (300) indicate that CBI had a layered crystal 

structure.57, 59 CBI-2(1.0 M) had the most significant highly intensified peaks from (003) and (006) crystal 

planes rather than CBI-1 (0.8 M) and CBI-3 (1.2 M). The results show that CBI-2 (1.0 M) film annealed at 

120 °C has better crystallinity than other fabrication conditions. The other two crystal planes (115) and (300) 

were observed with the same intensity for all precursor solution concentrations.  

 

 

 

 

 

 

 

(a) (b) 

Figure 3.1-1. (a) XRD of CBI films on ITO/PEDOT: PSS with different solution concentrations and 

annealed at 120 °C. (b) XRD of CBI-2 (1.0 M) films on ITO/PEDOT: PSS and annealed at 80 °C, 100 °C, 

120 °C, and 140 °C.  
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    We examined the effect of annealing temperature on the crystallization of CBI-2 (1.0 M) films. Figure 

3.1-1b shows the XRD patterns of CBI-2(1.0 M) films annealed at 80 °C, 100 °C, 120 °C, and 140 °C. To 

obtain the best crystallinity, the most intensified diffraction peaks (003) at 2θ = 12.87° and (006) at 2θ = 24.50° 

are observed for 120 °C post-annealing temperature, indicating that the suitable annealing temperature was 

120 °C. Furthermore, when the annealing temperature was increased to 140 °C, the intensity of the prominent 

diffraction peak became weaker, indicating a decrease in the crystallinity. The faster nucleation at higher 

annealing temperatures would decrease the crystal quality of the thin films at >120 °C. To gain a better 

understanding, we calculated the crystallographic parameters for the peak at 2θ = 12.87° of the CBI films 

grown in different fabrication conditions (Figure 3.1-2). The CBI-1 (0.8 M) and CBI-3 (1.2 M) films annealed 

at 120 °C exhibited full width at half maximum (FWHM) of 0.32° and 0.26°, respectively; however, the CBI-

2 (1.0 M) film annealed at 120 °C exhibited narrower FWHM of 0.21°. Moreover, we calculated the crystal 

size of the respective CBI films to quantitatively evaluate the crystallization under different fabrication 

conditions.  

    The CBI-2 (1.0 M) film produced the largest average crystal size of 38 nm among the attempted 

fabrication conditions (Figure 3.1-2a, b). Previously, our group found that the average crystal size of the CBI 

perovskite was about 30 nm on top of the ITO/NiOx.59 The appropriate solution concentration and annealing 

temperature helped to improve the crystallinity of the CBI perovskite films. The larger the crystal size, the 

lower the grain boundaries and defects. This result is important for optimized fabrication conditions. The defect 

concentration and non-radiative recombination are closely associated with a micro-strain.87 CBI-2 (1.0 M) thin 

films annealed at 120 °C exhibited a lower micro-strain value of 8.2 x 10-3, while CBI-1 (0.8 M) and CBI-3 

(1.2 M) thin films annealed at 120 °C exhibited micro-strain values of 12.7 x 10-3 and 10.1 x 10-3, respectively 

(Figure 3.1-2c). For all fabrication conditions, the dislocation density values demonstrate a similar trend as 

micro-strain (Figure 3.1-2c). CBI-2 (1.0 M) films annealed at 120 °C exhibited lower micro-strain and 

dislocation density. Therefore, from these results, CBI-2 (1.0 M) thin films annealed at 120 °C have the lowest 

crystal defects among the attempted fabrication conditions. 
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    We used the energy dispersion spectroscopy (EDX) mapping to confirm the element distribution of the 

CBI-2 (1.0 M) thin films annealed at 120 °C. The components of Cs, Bi, and I were uniformly distributed 

throughout the films (Figure 3.1-3). The atomic percentages of the element for CBI-2 (1.0 M) film were 

calculated to be Cs of 6.9 at.%, Bi of 21.47 at.%, and I of 71.63 at.%, respectively. The atomic percentages of 

each element are within an acceptable range and significantly close to the stoichiometric ratio of CBI thin 

film.57 

 

 

 

 

(a) (b) 

(c) (d) 

Figure 3.1-2. (a, b) Full-width half maxima (FWHM) and average crystal size: different molarity and 

annealing temperature of the CBI thin films at diffraction angle, 2θ=12.870. (c, d) Micro-stain and dislocation 

density: different molarity and annealing temperature of the CBI thin films at diffraction angle, 2θ=12.870.  

Figure 3.1-3. Energy dispersive X-Ray spectroscopy (EDX) element maps of CBI-2(1.0 M) thin film and 

annealed at 120 0C: (a) Cs, (b) Bi, (c) I.  

(a) (b) (c) 
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3.1.2  Photophysical Properties of Perovskite Films 

    UV–Vis measurements were performed on CBI thin films to determine the absorption spectra and energy 

bandgap. Figure 3.1-4a shows the absorption spectrum for different concentrations of CBI thin films annealed 

at 120 °C. With increasing concentrations of CBI precursor solution, the absorption intensity gradually 

increases. The higher concentration affects the thickness of the film. The film’s thickness is a critical factor for 

light absorption in the visible region. Increasing the solution concentration causes the film’s color to change 

from light to deep (Figure 3.1-5). Figure 3.1-4b shows the absorption spectra of CBI-2 (1.0 M) thin films 

annealed at different temperatures. The highest absorption was obtained at 120 °C, indicating that the film’s 

surface coverage was improved. The thickness of CBI-2 film annealed at 120 °C was about 550 nm. The 

absorption spectrum dramatically decreases when annealed at 140 °C. This can be attributed to the decrease in 

surface coverage of the thin films at high temperatures. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

(a) (b) 

(c) 
(d) 

Figure 3.1-4. (a, b) Absorption spectra of CBI films on ITO/PEDOT: PSS. (c, d) Time-resolved PL 

decay curves (measured at 650 nm) of CBI films on glass.  
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   TRPL decay technique fitted with a bi-exponential model was used to examine the effect of the precursor 

solution concentration and annealing temperature of CBI perovskite thin film on charge transport dynamics; 

the results are shown in Figure 3.1-4c, d. The longer PL lifetime τave = 1.92 ns is obtained at CBI-2 (1.0 M) 

films compared to CBI-1 (0.8 M) of τave = 1.63 ns and CBI-3 (1.2 M) of τave = 1.67 ns films. CBI-3 (1.2 M) 

thicker perovskite films demonstrated shorter PL lifetimes, which could be attributed to increased charge 

recombination. Furthermore, we investigate the PL lifetime of CBI-2 (1.0 M) perovskite thin film annealed at 

different temperatures. The longest PL lifetime save for CBI-2 (1.0 M) annealed at 120 °C was observed, which 

suggests fewer defects. The calculated lifetime for Figure 3.1-4d is shown in Table 3.1-1.  

 

 

 

 

     

 

 

 

Table 3.1-1. Calculated PL Lifetime of CBI-2 perovskite films at different annealing temperatures. 

 

 

 

 

    

    Ultraviolet photoemission yield spectroscopy (UPS) measurement was used to determine the Fermi 

energy level (EF) and the valence band energy level (EV) of the CBI-2 (1.0 M) films annealed at 120 °C. The 

Fermi energy level and valence band maximum for CBI-2 (1.0 M) films were calculated using the UPS 

measurement at - 4.65 and - 5.91 eV, respectively (Figure 3.1-6). The optical bandgap of CBI-2 (1.0 M) thin 

  Temperature (0 C) τ avg   

80  1.49 ns 

100  1.70 ns 

120  1.92 ns 

140  1.71 ns 

(a) 

(b) 

Figure 3.1-5. (a) CBI films for different concentrations annealed at 120 0C.(b) CBI-2(1.0 M) thin films at 

different annealing temperatures. 
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film was determined using the Tauc plots to be 1.78 eV (Figure 3.1-6c). Therefore, the conduction band 

minimum of the CBI-2 (1.0 M) film is calculated at - 4.13 eV (Figure 3.1-6d). The EF energy level is located 

above the middle value of the bandgap. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.3 Morphological Properties of Perovskite Films 

    Based on the above observations, CBI-2 (1.0 M) films annealed at 120 °C show better optoelectronic 

properties than other fabrication conditions. Although the CBI-2 (1.0 M) thin films annealed at 120 °C (from 

now defined as ‘‘control’’) have better crystallinity and optical properties than other fabrication conditions, 

nanoscale SEM observations confirmed that in the corresponding film, a few pinholes remain (Figure 3.1-7a). 

To overcome this limitation, we introduced (or included) a BIL on the top of the CBI layer, with control 

thickness using thermal evaporation. Figure 3.1-7b–d shows the nanoscale SEM images of the BIL-modified 

Figure 3.1-6. (a,b) UPS spectrum measurement of CBI-2 (1.0 M) thin film annealed at 120 °C. (c) Plot of 

(αհυ)2 vs. photon energy հυ for the CBI-2 (1.0 M) thin film annealed at 120 °C. (d) Experimental band 

energy level of the CBI-2 (1.0 M) thin film annealed at 120 °C. 

(a) (b) 

(c) (d) 
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perovskite thin films. We reported that introducing the BIL improved surface quality and reduced the number 

of pinholes that were responsible for the hole leakage from HTL to ETL through the CBI layer, resulting in 

maximum PSCs being short-circuited. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.4 Working Mechanism of BCP Interfacial Layer 

    We performed TRPL of the control/ETL and 6-nm sized BIL modified/ETL thin films to confirm the 

beneficial aspect of the BIL inclusion on top of the CBI layer. The TRPL decay curve is fitted by a 

biexponential model. The bi-exponential curve confirmed that BIL does not interfere with the carrier diffusion 

or may not act as a barrier for carrier injection to the ETL (Figure 3.1-8). 

    To evaluate the photovoltaic performance of control and BIL-modified perovskite thin films, we 

fabricated inverted planar type PSC (Figure 3.1-9a, b). The corresponding energy-level alignments of PSCs 

with control and BIL modification (Figure 3.1-9c, d). The wider bandgap BCP (3.5 eV) as an interfacial layer 

plays two important roles in the perovskite/ETL interface of PSCs configuration to improve PSCs performance. 

(a) (b) 

(c) (d) 

Figure 3.1-7. Nanoscale SEM images of perovskite films on ITO/PEDOT: PSS: (a) control, (b) with a 3 nm 

BIL, (c) with a 6 nm BIL, (d) with a 9 nm BIL. 
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First, BCP works as a hole leakage-blocking layer that limits the hole recombination to the ETL through the 

perovskite (Figure 3.1-9b, d). Second, BCP reduces the electrical interfacial resistance and increases the 

charge transportation of the perovskite/ETL interface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1-8. TRPL curves of the control/ETL and BIL modified/ETL thin film perovskite layer on the glass.  

(a) (b) 

(c) (d) 

Figure 3.1-9. (a,b) Schematic diagram of control and BIL modified PSC. (c,d) Schematic energy 

band diagram of control and BIL modified PSC. 
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3.1.5 Photovoltaic Performance 

    A series of control PSCs were fabricated based on the structure shown in Figure 3.1-9a. The fabricated 

control PSC exhibited a maximum PCE of 0.38% with JSC of 1.68 mA cm-2, VOC of 0.53 V, and FF of 43% 

(Table 3.1-2). The photovoltaic performance was measured under AM 1.5 G sunlight simulations (100 mW 

cm-2 illuminations) with an active area of 0.09 cm2. The J–V curves of the control PSCs (8 PSCs are listed 

here) are shown in Figure 3.1-10a. Most PSCs exhibited a short-circuit or significantly low PCE, whereas few 

PSCs showed potential photovoltaic performance from a couple of batches of PSCs. The presence of pinholes 

within the control perovskite films could be responsible for the hole leakage to the ETL. Therefore, most PSCs 

exhibited short circuits and negatively affected the performance of photovoltaic devices.88 Several batches of 

PSCs have been fabricated with BIL, and the photovoltaic performances were evaluated. Figure 3.1-10b 

shows the J–V curves of PSCs with control and BIL modification. PSC with a 6-nm-sized BIL modification 

demonstrated a maximum PCE of 0.80% with JSC of 2.46 mA cm-2, VOC of 0.67 V, and FF of 49% in reverse 

scanning under the same measurement conditions. 

Table 3.1-2. Photovoltaic performance parameters of PSCs with control and BIL modification. 

Thickness 

of BIL 

JSC (mAcm-

2) 

VOC (V) FF η (%) Rs 

(Ωcm-2) 

Rsh (Ω/cm-

2) 

0 nm 1.68 0.53 0.43 0.38 7.89 70.32 

3 nm 2.21 0.67 0.46 0.68 5.25 81.36 

6 nm 2.46 0.67 0.49 0.80 3.17 96.25 

9 nm 2.40 0.63 0.45 0.68 5.26 89.96 

    Note that the PCE first increased with increasing BIL thickness, achieving a maximum of 0.80% when 

the BIL thickness was equal to 6 nm, and then decreased with increasing BIL thickness. Table 3.1-2 lists the 

best performance parameters of PSCs with different thicknesses of the BIL layer. JSC and FF increased first 

with increasing BIL thickness until 6 nm and decreased after 6 nm. The inclusion of BIL at the perovskite/ETL 

interface improved the interfacial contact and reduced the series resistance (RS). The increase in JSC and FF 

could be attributed to the decreases of RS and recombination rate (larger shunt resistance RSH) when the BIL 

layer thickness increases from 0 to 6 nm. However, the reverse trend was observed as the BIL thickness was 

increased beyond 6 nm. The thicker layer of the BIL reduced the interface contact between perovskite and ETL 
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in the PSC configuration as the RS increased (Table 3.1-2). The JSC and FF decreased due to the larger RS and 

higher recombination rate induced by the thick BIL layer (Table 3.1-2). We infer that the thicker BIL behaves 

as an electron-blocking layer because of the wider bandgap. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

(a) (b) 

(c) (d) 

Figure 3.1-10. (a, b) Reverse scan J–V curves of the perovskite thin films for control (8 PSCs) and 

modified PSCs. (c) IPCE spectra of the PCSs with control and BIL modification. (d) Reverse scan J–V 

curves of perovskite thin-film PSCs with a 6 nm BIL modification (8 PSCs are listed). 

(a) (b) 

Figure 3.1-11. The forward and reverse scan J-V curve of PCS: (a) control, (b) 6 nm BIL modification. 
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    Figure 3.1-10c shows the corresponding IPCE curves. The IPCE of the PSCs was measured to understand 

the spectral response. The champion PSC with a 6-nm-sized BIL demonstrates the highest IPCE response 

among the PSCs in this study. This result agrees with the JSC trend. Figure 3.1-11a, b shows the forward and 

reverse scan J–V curves of the control and 6-nm-sized BIL-modified PSCs. The PSCs with a 6-nm-sized BIL 

have a negligible hysteric effect. BIL improved the interface contact of perovskite/ETL and reduced the charge 

accumulation. The lower charge accumulation in the PSC structure potentially reduces the hysteresis effect (S-

shape). Figure 3.1-10d shows the J–V curves of PSCs with 6-nm-sized BIL (8 PSCs are listed here). From 

Figure 3.1-10a, d, it is observed that the BIL improved in the PSCs’ reproducibility. The BIL assists in 

improving reproducibility by reducing or protecting from the short-circuit of PSCs. 

3.1.6 Reproducibility and Stability 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Figure 3.1-12 shows the PSCs performance parameters such as JSC, VOC, FF, and PCE with control and 

BIL modification. The JSC distribution of PSCs confirmed that the highest current density of 3.21 mA cm-2 was 

obtained with a 6-nm-sized BIL compared to other conditions (Figure 3.1-12a). The VOC of PSCs with a BIL 

ranges from 0.5 to 0.68 V (Figure 3.1-12b). This is understandable because the VOC of photovoltaic devices 

(a) (b) 

(c) (d) 

Figure 3.1-12. Performance parameters statistics of PSCs with control and BIL modification: (a) JSC, (b) VOC, 

(c) FF, (d) PCE. 
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depends on the relative energy levels of the absorber layer between the LUMO level of the ETL and the HOMO 

level of the HTL. Figure 3.1-12c shows the highest average value of the fill factor was obtained using a 6-nm-

sized BIL layer. This result is attributed to the decrease in the PSCs’ series resistance. After including BIL in 

the perovskite/ETL interface, PSCs demonstrated an improved PCE (Figure 3.1-12d). These observations 

indicate that the inclusion of BIL improves the performance of PSCs.  

 

 

 

 

 

 

 

 

    We examined the effect of BIL on the long-term stability of the PSCs in an N2 glove box, in addition to 

their performances. For the periodic photovoltaic performance measurements of the PSCs, they were taken out 

from the N2 glovebox, and after the J-V measurement, the PSCs were stored in a glovebox. Figure 3.1-13 

shows the normalized PCEs of the control and 6-nm-sized BIL-modified PSCs. After 144 h, the champion 

control PSC retains approximately 90% of its initial PCE. After the BIL inclusion in the PSC configuration, it 

influenced the performance and stability of PSCs. The champion PSC with a 6 nm BIL retains ~90% PCE of 

its initial efficiency after 528 h. The stability of the PSC with 6-nm-sized BIL is ~4 times higher than that of 

control PSCs. This improved stability may be attributed to the reduction of interface charge accumulation. The 

stability data indicate that Bi perovskite will be a promising candidate in the photovoltaic device community. 

    In this study, we have demonstrated the reproducible and stable CBI PSCs with optimized fabrication 

conditions of thin films and introduced BIL at the perovskite/ETL interface. We obtained the best crystalline 

films with a molar concentration of 1 M and annealed them at 120 °C. The optimized CBI perovskite thin film 

showed a bandgap of 1.78 eV with a carrier lifetime of 1.92 ns. Furthermore, for the first time in Bi-PSCs, we 

introduced a BIL in the perovskite/ETL interface of inverted planar device structure; ITO/ PEDOT: 

Figure 3.1-13. Normalized PCE of the PSCs with control and BIL modification as a function of time in an N2 

filled glove box.  
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PSS/CBI/BCP/C60/BCP/Ag. The inclusion of BIL at the perovskite/ETL interface reduced the possible hole 

leakage from the HTL to the ETL through CBI. The BIL reduced the interfacial defects at perovskite/ETL 

interfaces and improved the reproducibility of the respective PSCs. The PSC with a 6-nm-sized BIL has a 

maximum PCE of 0.80% and excellent reproducibility. Furthermore, the PSC exhibits negligible hysteresis 

effects and retains ~90% PCE of its initial efficiency after 528 h. Although the PCE of CBI PSC is still lacking; 

however, this study showed the pathway how to improve the reproducibility and stability of Bi-PSCs, which 

is a basic requirement for the systematic development of PCE. 
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3.2 Additive-Assisted Electronic Defect Passivation in Lead-Free Tin 

Perovskite Solar Cells: Suppression of Sn2+ Oxidation and I- 

Losses 
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3.2.1 Interaction of 1,3-diaminoguanidine Monohydrochloride with Perovskite Precursor 

     To examine the interaction of DAGCl with SnI2 and the formation of the hydrogen bonding, we 

measured the Fourier-transform infrared (FTIR) spectra for SnI2 powder, SnI2-DMSO adduct, DAGCl powder, 

and SnI2-DAGCl adduct, as shown in Figure 3.2-1a. We can clearly see from the FTIR analysis that the 

stretching vibration frequencies of NH and NH2 groups of DAGCl were shifted to lower wavenumbers after 

interaction with SnI2, as shown in Table 3.2-1. This shift can be attributed to the formation of hydrogen bonding 

between DAGCl and iodide ions in SnI2.84 For SnI2 and SnI2-DMSO, no peaks appeared in the FTIR spectra. 

Additionally, we noticed a peak shift to a lower wavenumber due to the donation of the unshared electrons 

from the N atom of the C=N group in DAGCl to the vacant orbital of the Sn element.89 Furthermore, the color 

of the DAGCl additive turned yellowish from white after interacting with SnI2, as shown in Figure 3.2-2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) (c) 

(b) 

Figure 3.2-1. (a) FTIR spectra of SnI2, SnI2-DMSO, DAGCl, and SnI2-DAGCl films. High-resolution XPS 

spectra of (b) Cl 2p and (c) I 3d of FASnI3 films without and with an additive. (d) Diagram of a possible 

mechanism of DAGCl modification in FASnI3 perovskite. 
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Table 3.2-1. FTIR analysis data for DAGCl and SnI2-DAGCl adduct. 

Group DAGCl SnI2-DAGCl 

NH 3310 cm−1 3268 cm−1 

NH2 3445 cm−1 3392 cm−1 

C=N 1671 cm−1 1663 cm−1 

 

 

 

 

 

 

    It can be concluded that guanidine-based additive materials have a strong interaction with SnI2 and 

stabilize the weak Sn-I bond.81 Also, an X-ray diffraction (XRD) analysis of SnI2-DAGCl shows that the 

intensity of the main peak of SnI2 becomes weaker, and there is a clear shift in the peak position, which is due 

to the interaction between SnI2 and DAGCl, as shown in Figure 3.2-3. Additionally, the chemical interaction 

between DAGCl and perovskites was examined using X-ray photoelectron spectroscopy (XPS). The peak of 

Cl 2p (198.24 eV) was detected in the FASnI3-DAGCl (3%) perovskite film, which can be assigned to the 

SnCl2 peak and is in accord with our previous work, indicating the presence of the DAGCl additive in the final 

perovskite films, as shown in Figure 3.2-1b.74 It is expected that such SnCl2 formation of the respective films 

may result in lower oxidation. To further understand the influence of chemical interaction, we have observed 

the binding energy peaks of I 3d3 and I 3d5 for the pristine and FASnI3-DAGCl (3%) films. The binding 

energies of peaks of I 3d3 (631.24 eV) and I 3d5 (619.86 eV) in the FASnI3-DAGCl (3%) perovskite film 

shifted to higher energies as compared to the pristine perovskite film that exhibits peaks of I 3d3 (630.54 eV) 

and I 3d5 (619.02 eV), as shown in Figure 3.2-1c. These shifts indicate the successful electronic passivation 

of the respective perovskite films. From the above discussion, it is expected that the DAGCl additive could 

improve the perovskite structure through hydrogen bonding and reduce the Sn2+ oxidation and anionic 

vacancies, as shown in Figure 3.2-1d.  

Figure 3.2-2. Pictorial presentation of SnI2 powder, DAGCl powder and SnI2+DAGCl adduct. 
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3.2.2 Crystallinity and Morphology of the Perovskite Film   

 

 

 

 

 

 

 

 

 

    The XRD patterns of a series of FASnI3 perovskite films with different concentrations of DAGCl were 

examined to better understand the influence of the DAGCl additive on the crystal structure of FASnI3, as shown 

in Figure 3.2-4a. The highlighted diffraction peaks appear at 2θ angles of 14.14, 24.44, 28.34, 31.73, and 

40.54°, which correspond to the crystallographic planes of (100), (102), (200), (122), and (222) of the 

orthorhombic FASnI3 perovskite lattice (Amm2 space group), respectively. In comparison to the pristine film, 

the intensity of (100) and (200) crystal planes increased with the DAGCl (3 mol %) additive in FASnI3 

perovskite films. Additionally, none of the samples exhibited diffraction peaks at low angles, or no additional 

peaks appeared in all samples. From the XRD results, we observed no peak shift up to the addition of 3 mol % 

of the DAGCl additive. But with the addition of 5 mol % of DAGCl, the XRD peak shifted to a lower angle, 

(a) (b) 

Figure 3.2-3. (a) XRD for SnI2, DAGCl and SnI2-DAGCl, (b) Magnification of XRD for SnI2 

and SnI2-DAGCl. 

(a) (b) 

Figure 3.2-4. (a) XRD patterns and (b) SEM images of FASnI3 perovskite films with 0, 1, 3, and 5 mol % 

DAGCl. 
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as indicated in Figure 3.2-5. This type of a small XRD peak shift is possibly due to the incorporation of Cl- 

ions into the lattice position. The finding from XRD indicated that the presence of a very negligible amount of 

DAGCl could help to improve the crystallinity and did not form a two-dimensional (2D) or quasi-2D 

structure.90, 91 This improvement may be attributed to adding a small amount of DAGCl in the FASnI3 precursor, 

which acts as an additive and is not integrated into the main lattice. Although DAGCl is a bulky material, we 

strongly believe that the trace amount of DAGCl did not form a 2D/3D heterostructure. Table 3.2-2 shows the 

full width at half-maximum (FWHM) of FASnI3 and modified FASnI3 perovskite films. Interestingly, modified 

FASnI3 perovskite films showed narrower FWHM for (100) and (200) peaks. Understandably, the small 

amount of the DAGCl additive induced better crystallinity than the pristine FASnI3 perovskite. Notably, it is 

well known that changes in the FWHM of the XRD peaks could impact on the crystallographic parameters of 

the perovskite films. The crystallographic parameters such as grain size, dislocation density, and micro-strain 

are summarized for [200] crystal orientation in Table 3.2-3. To quantify the relevant crystallographic 

parameters of Table 3.2-3, we have used Bragg’s law, the Debye-Scherrer formula, and crystal geometry as 

the following equations.  

2𝑑hklsin 𝜃 = 𝑛𝜆                                                                                                                  

Crystalline size𝐷hkl =
0.9𝜆

𝛽hkl×cos 𝜃
                                                                                                 

Micro-strain, 𝜀 =
𝛽hkl 

4tan 𝜃
                                                                                                                      

Dislocation density, 𝛿 =
15𝜀

𝛼𝐷hkl 
                                                                                                             

where, dhkl and Dhkl are the interatomic distance and crystalline size along the [hkl] direction, λ is the 

wavelength of the X-ray (CuKα radiation value = 0.15406 nm). βhkl is the FWHM for the (hkl) diffraction 

peak.92 The calculated average crystallite size was 62.15 nm for the FASnI3-DAGCl (3%) film, increasing from 

42.38 nm for the pristine FASnI3 perovskite films. In addition, the modified FASnI3-DAGCl (3%) film showed 

lower dislocation and micro-strain values than the pristine FASnI3 perovskite films. These results clarify that 

the small amount of the DAGCl additive could improve the crystallographic properties. This improvement 

could reduce the VOC loss and improve the overall photovoltaic performance. 



Results and Discussion 

 

46 

 

 

          

 

 

 

 

 

 

 

Table 3.2-2. Full width at half maxima (FWHM) of different peaks obtained from XRD at different angles. 

 

 

Sample 

 

FWHM at 

 

14.10° 28.40° 

FASnI3 0.2064 0.1933 

FASnI3-DAGCl (1%) 0.1717 0.1445 

FASnI3-DAGCl (3%) 0.1577 0.1318 

FASnI3-DAGCl (5%) 0.1693 0.1801 

Table 3.2-3. Calculated crystallite size, Dislocation density and Micro strain at (200) peaks from XRD results. 

      

 

 

   

 

 

 

    Scanning electron microscope (SEM) images of perovskite films fabricated with the FASnI3 precursor 

solution without and with the DAGCl additive are shown in Figure 3.2-4b. The pristine FASnI3 perovskite 

film has shown numerous cracks and small grain sizes. By the inclusion of 1 or 3 mol % DAGCl additive, the 

Sample 
Crystallite 

size (nm) 

Dislocation 

Density, 

δ×10-3 (nm) 

Micro 

strain, 

Ɛ [×10-3] 

FASnI3 42.38 0.828 4.079 

FASnI3-DAGCl (1%) 56.70 0.533 3.271 

FASnI3-DAGCl (3%) 62.15 0.455 3.031 

FASnI3-DAGCl (5%) 45.48 0.623 3.543 

Figure 3.2-5. Magnification of XRD for FASnI3 perovskite films with 0, 1, 3, and 5 mol % DAGCl in the 

range of 2θ= 13.50-14.50. 
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surface became more compact with bigger grains and showed considerably almost no crack at the grain 

boundary. Compared to the pristine FASnI3, the grain size distribution of the perovskite films in Figure 3.2-6 

demonstrated a narrower distribution with a bigger grain size after the inclusion of 3 mol % DAGCl. The 

increased grain size and compact surface morphology of the modified FASnI3 perovskite film can influence 

better charge transportation in the respective PSC. Although the highest concentration of additive (5 mol % 

DAGCl) has shown a bigger grain size than other conditions, a layer seems to form on top of the modified 

perovskite layer, as shown in Figure 3.2-4b. We suppose that this layer may hamper the effective charge 

transportation through the devices. The improvement of crystallinity and film morphology should be helpful 

for effective charge transportation and would enhance the photovoltaic performance of PSCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3 Suppression of Sn2+ Oxidation and I- Losses of Perovskite Film 

    The electronic defects of the perovskite films are responsible for the lower photovoltaic performance of 

PSCs. In Sn perovskite thin films, the defects are originated from the oxidation of Sn2+ and I- loss and 

(a) (b) 

(c) (d) 

Figure 3.2-6. The graine size distribution of FASnI3 perovskite film with (a) 0 mol%, (b) 1 mol%, (c) 3 mol% 

and (d) 5 mol% DAGCl, respectively. Grain size (total 200 for each case) calculated by ImageJ software. 
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responsible for serious deep-level traps, which results in severe nonradiative recombination. To evaluate the 

influence of DAGCl on the suppression of the Sn2+ oxidation level and I- loss on the surface of the FASnI3 film, 

we performed XPS measurements on the fabricated perovskite films. We quantify the content of Sn2+ and Sn4+ 

of the perovskite films for pristine and modified perovskite films, as shown in Figure 3.2-7.  

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    It can clearly be seen that the Sn4+ content of the pristine FASnI3 film is 36.6%, significantly decreasing 

to 22.7% of FASnI3-DAGCl (3%) films. The details of XPS-related data for FASnI3 and FASnI3-DAGCl (3%) 

are shown in Table 3.2-4. The reduction of the content of Sn4+ by 38% in the FASnI3-DAGCl (3%) films 

compared to FASnI3 films indicates that the DAGCl additive can significantly suppress the oxidation of Sn2+ 

to Sn4+. The DAGCl additive in the perovskite solution not only improves the crystallinity and film 

morphology and suppresses the oxidation of Sn2+ to Sn4+ but also may suppress the loss of I- in the fabricated 

(a) (b) 

(c) (d) 

Figure 3.2-7. High-resolution XPS spectra for Sn 3d5/2 of FASnI3 films with (a) 0 mol%, (b) 1 mol%, (c) 

3 mol% and (d) 5 mol% DAGCl, respectively. 
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perovskite films and may enhance the stability of the perovskite structure. To justify the suppression of I- loss 

after the inclusion of the DAGCl additive, we have calculated the amount of I- in pristine and DAGCl modified 

perovskite films, as shown in Figure 3.2-8. The perovskite film with 3 mol% DAGCl additive possesses a 

higher percentage of I- (up to 82.5%), which is much higher than that (69.6%) of the pristine film. The lower 

I- loss found on the perovskite film with 3 mol % DAGCl can be attributed to the hydrogen bonding (-NH ∙∙∙I-) 

between polar hydrogen groups (Nδ--Hδ+) of DAGCl and the electronegative iodide ion (Iδ-) in the respective 

film. The strong hydrogen bond suppressed the oxidation of I- to I3
- or I2 and reduced the loss of I- of the FASnI3 

perovskite films.83 The addition of the DAGCl additive improved the ratio of Sn2+/I- (1:2.34), whereas the 

pristine perovskite film has a nonstoichiometric ratio of 1:1.92, as shown in Table 3.2-4.  

 

Table 3.2-4. The fitting results of XPS spectra for the pristine FASnI3 and modified FASnI3-DAGCl (3%) 

films. 

 

FASnI3 

Sn 3d5/2 I 3d5/2 Stoichiometric 

ratio of Sn2+ 

and I- 

Sn2+ Sn4+ I- I3
-  

 

1:1.92 
Position (eV) 486.407 487.25 618.868 619.301 

Area 7486.28 4325.13 14382.3 6288.34 

 

FASnI3-

DAGCl (3%) 

Sn 3d5/2 I 3d5/2  

 

 

1:2.34 

Sn2+ Sn4+ I- I3
- 

Position (eV) 486.40 487.09 619.788 620.235 

Area 8059.7 3198.4 18918.5 4023.26 
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3.2.4 Photophysical Properties of Perovskite Film 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

(a) (b) 

Figure 3.2-8. High-resolution XPS spectra of FASnI3 and FASnI3-DAGCl (3%) films for (a,b) I 3d5/2, 

respectively. 

(a) (b) 

(c) (d) 

Figure 3.2-9. (a) Normalized time-resolved photoluminescence (TRPL) spectra and (b) steady-state PL 

spectra of the FASnI3 perovskite films fabricated on glass substrates with 0, 1, 3, and 5 mol % DAGCl. (c) 

UV-visible-IR spectra of the FASnI3 perovskite films fabricated with 0, 1, 3, and 5 mol % DAGCl. (d) 

Schematic energy level diagram of the inverted planar PSCs of FASnI3 without and with DAGCl. 
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    The modified (3 mol % DAGCl) perovskite films have shown a stabilized perovskite framework, which 

is beneficial for the PSC performance. The stabilized perovskite structure has significantly prolonged the 

average charge carrier lifetime (τavg) from 5.85 ns for pristine to 15.95 ns for modified (3 mol % DAGCl) 

perovskite films, as shown in Figure 3.2-9a. The charge carrier defect states are responsible for the 

comparatively shorter decay lifetime of τ1, whereas bimolecular radiative recombination is responsible for the 

relatively longer decay lifetime of τ2, as shown in Table 3.2-5. The greatly prolonged τ1 and τ2 values indicate 

that the defect density in the bulk and on the surface of the associated perovskite film has significantly reduced, 

resulting in more efficient carrier transportation to the adjacent transport layer. This finding is in good 

agreement with the increased steady-state photoluminescence (PL) intensity seen in Figure 3.2-9b. The 

FASnI3 and FASnI3-DAGCl (1 and 3 mol %) films showed a PL peak at 870 nm. The emission peak was blue-

shifted by adding an excess amount of DAGCl (5 mol %). This may be possibly due to the incorporation of 

Cl- ions into the lattice due to the higher amount of the DAGCl additive. The enhancement in the PL intensity 

of films with an optimal additive concentration provides compelling evidence that the defect density is 

efficiently decreased with suppressed nonradiative recombination in perovskite film. 

Table 3.2-5. TRPL lifetime parameters from the fitting of the PL decay measurements. 

Sample τ1(ns) τ2 (ns) τavg (ns) 

FASnI
3
 2.89 7.55 5.85 

FASnI
3
-DAGCl (1%) 5.93 14.11 11.11 

FASnI
3
- DAGCl (3%) 7.24 20.58 15.95 

FASnI
3
- DAGCl (5%) 4.35 14.51 9.12 

    The UV-visible-IR absorption spectra of the perovskite films have been measured to understand the effect 

of additives on absorption, as shown in Figure 3.2-9c. It was demonstrated that the presence of a minimal 

amount (1 and 3 mol %) of DAGCl did not affect the absorption band edge. However, the modified FASnI3-

DAGCl (5%) film showed a slight blue shift at the absorption band edge. This indicates that the inclusion of 

higher amounts of DAGCl could slightly change the band gap of FASnI3. Moreover, in the lower wavelength 

absorption spectrum, some differences were observed for FASnI3-DAGCl (5%) perovskite films. The change 

of bang gap and absorption in the lower wavelength absorption spectrum may be possibly due to the 

incorporation of Cl- ions into the lattice position with an excess amount of DAGCl and a slight change in the 
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morphology. The band gap was determined to be ~1.38 eV for the pristine FASnI3 and the modified FASnI3 

(1 and 3 mol % DAGCl) films and ~1.41 eV for the modified FASnI3 (5 mol %) film, respectively. The 

changes in the band gaps are confirmed by PL spectroscopy. The energy level diagram of the PSCs is illustrated 

in Figure 3.2-9d. The PSC is based on an inverted cell architecture, and the device structure is ITO/poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate polystyrene sulfonate (PEDOT:PSS) (HTL)/FASnI3/C60 

(ETL)/bathocuproine (BCP)/Ag, considering that the matching of the energy levels between layers is a critical 

factor affecting the PSC performance. The valence band maximum (VBM) values of the perovskite films were 

determined using an AC-3E photoelectron spectrometer. We estimated the conduction band minimum (CBM) 

values using the optical band gap and VBM values (Figure 3.2-10). Due to the suppression of Sn2+ oxidation, 

the 3 mol % DAGCl-contained perovskite film shows shallower VBM and CBM of the perovskite films, 

resulting in a better alignment at the HTL/perovskite interface and the perovskite/ETL interface. The VBM of 

the FASnI3-DAGCl (3%) perovskite films were well aligned with the highest occupied molecular orbital 

(HOMO) level of the HTL. The reduced trap states and well-matched energy alignment accelerated the carrier 

transportation and hence may result in an improved VOC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

Figure 3.2-10. The photoelectron emission spectra of the perovskite films (a) FASnI3, (b) FASnI3-DAGCl 

(1%), (c) FASnI3-DAGCl (3%) and (d) FASnI3-DAGCl (5%). 



Results and Discussion 

 

53 

 

3.2.5 Photovoltaic Performances and electron mobility 

    To validate the changes of modified FASnI3 perovskite film properties, we fabricated PSCs with the 

inverted architecture of ITO/PEDOT:PSS/FASnI3/C60/BCP/Ag, as shown in Figure 3.2-11a. The 

corresponding cross-sectional SEM images of FASnI3 and FASnI3-DAGCl (3%) PSCs are presented in Figure 

3.2-12. The typical current density-voltage (J-V) curves of the fabricated PSCs were measured under 1 sun 

(100 mWcm-1) illuminated conditions. The J-V curves of the best-performing pristine and modified PSCs are 

shown in Figure 3.2-11b, and the PSC parameters are summarized in Table 3.2-6. The pristine PSCs displayed 

the best PCE of 6.04 % with a JSC of 17.60 mAcm-2, a VOC of 0.50 V, and an FF of 68.6%. The FASnI3 PSCs 

with 3 mol % DAGCl displayed a JSC of 20.18 mAcm-2, a VOC of 0.61V, an FF of 72.5%, and a PCE of 8.92%. 

In comparison to the pristine FASnI3, 1 mol % DAGCl showed a higher PCE of 7.28 %, whereas 5 mol % 

DAGCl exhibits a PCE of 7.53%. 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(c) (d) 

(b) 

Figure 3.2-11. (a) Complete PSC structure, (b) J-V curves of the FASnI3-based PSCs with 0, 1, 3, and 5 

mol % DAGCl, respectively, (c) dark J-V curves of the electron-only devices fabricated with FASnI3 and 

FASnI3-DAGCl (3%), (d) IPCE of the FASnI3-based PSCs with 0, 1, 3, and 5 mol % DAGCl, respectively. 
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    The improvement of PCE is contributed by the increase in the value of JSC, VOC, and FF. The enhancement 

of JSC is mainly attributed to the improved morphology of the perovskite film with the suppressed oxidation of 

Sn2+ and I- loss. To confirm the enhancement of JSC due to the improvement of the perovskite film quality, we 

have examined the dark current-voltage (J-V) analysis of the electron-only device with a configuration of 

ITO/SnO2/ FASnI3 (without and with DAGCl)/C60/Ag. Since electrons as minority carriers in the p-type 

FASnI3 perovskite play a crucial role in the PSC performance, we have calculated the electron mobility (µe) 

using the following equation. 

J= 9εrεoµeV2/8L3                                                                                                                                  

where, εr, εo, and V are the relative dielectric constant (5.7), the absolute dielectric constant of vacuum (8.85 

× 10-14 Fcm-1), and the voltage of the electron-only device, respectively.94 The thickness (L) of the perovskite 

film is about 180 nm that is the same as that of the PSC device shown in Figure 3.2-12. The electron-only 

device based on FASnI3 shows the electron mobility of 3.24 × 10-4 cm2 V-1 s-1, while FASnI3-DAGCl (3%) 

exhibits a one-order higher electron mobility of 6.08 × 10-3 cm2 V-1 s-1. The increase in electron mobility after 

the inclusion of DAGCl additives is responsible for the increase in the JSC of the PSCs. The unshared electrons 

from the N atom of the C=N group in DAGCl to the vacant orbital of the Sn element in the perovskite 

framework help to improve the electron mobility, and the hydrogen bonding stabilizes the perovskite structure 

by suppressing the I- loss. 

  Space-charge-limited current (SCLC) analysis was used to calculate the trap-state density of the fabricated 

(a

) 

(b) 

Figure 3.2-12. Cross-sectional SEM images of (a) FASnI3, (b) FASnI3-DAGCl (3%) based PSCs. 
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electron-only devices based on FASnI3 and FASnI3-DAGCl (3%). The dark J-V curve can be divided into the 

ohmic region at the low bias voltage, the trap-filled region (TFL) and the child region at the high bias voltage. 

The kink point of the ohmic region and TFL is called trap-filled limit voltage (VTFL), where all the traps are 

completely filled by injected carriers. The trap-state density can be calculated using the following equation. 

nt = 2 εrεoVTFL/qL2                                                                                                                            

Here, q is the elementary charge of the electron. 

    The estimated lower VTFL of the FASnI3-DAGCl (3%) based devices indicates the lower trap density of 

the respective device. The calculated trap-state densities of the FASnI3 and FASnI3-DAGCl (3%) perovskite 

films are 4.47 × 1015 and 3.5 × 1015 cm-3, respectively. The reduced trap density indicates the higher quality of 

perovskite films and the efficient suppression of Sn2+ oxidation. The reduction of trap densities of the 

perovskite films could strikingly boost the value of VOC and FF in PSCs. Moreover, VOC enhancement is also 

attributed to the favourable energy level alignments of the PSCs. The achieved VOC improvement was 110 mV, 

which was 22% higher than that of the pristine PSCs. Figure 3.2-11 shows the monochromatic incident 

photocurrent conversion efficiency (IPCE) of the best-performing PSCs fabricated with FASnI3 and FASnI3-

DAGCl (1, 3, and 5 mol %). The integrated JSC values are well consistent with the obtained results from J-V 

curves. The PSCs with 3 mol % DAGCl have shown the highest photogenerated current.  

Table 3.2-6. Photovoltaic Parameters of the FASnI3-Based PSCs without and with the DAGCl Additive. 

PSC PCE (%) JSC (mA cm-2) VOC (V) FF (%) 

FASnI3 averagea  5.89 ± 0.29 17.55 ± 0.67 0.49 ± 0.01 67.5 ± 2.7 

best 6.04 17.60 0.50 68.6 

FASnI3-DAGCl(1%) averagea 6.99 ± 0.14 17.98 ± 0.54 0.54 ± 0.01 70.7 ± 1.6 

best 7.29  18.61 0.55 71.3 

FASnI3-DAGCl(3%) averagea 8.77 ± 0.08 20.01 ± 0.25 0.60 ± 0.01 71.5 ± 0.6 

best 8.92  20.18 0.61 72.5 

FASnI3-DAGCl(5%) averagea 7.50 ± 0.11 18.14 ± 0.30 0.57 ± 0.01 70.7 ± 0.5 

best 7.53  18.21 0.58 71.3 

a Average of 20 PSCs. 

3.2.6 Reproducibility 

    To further understand the effect of DAGCl on PSC performance parameters and reproducibility, we 
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plotted the performance parameters of 20 PSCs for each condition, as shown in Figure 3.2-13. The 

performance of the PSCs is significantly improved by the DAGCl additive, especially in terms of JSC, VOC, and 

PCE. Interestingly, the photovoltaic parameters of the fabricated PSCs showed good reproducibility, and PSCs 

based on FASnI3-DAGCl (3%) gave the best average performance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.7 Perovskite Solar Cells Properties 

    To gain a better understanding of the influence of DAGCl on the charge carrier transport and 

recombination behaviours in the fabricated PSCs, we examined the transient photovoltage (TPV) and transient 

photocurrent (TPC) of pristine and modified PSCs as shown in Figure 3.2-14a, b. The modified PSC showed 

a longer photovoltage decay constant of 4.50 µs than the pristine PSC (3.99 µs). This enhancement indicated 

that the photogenerated carrier recombination of the corresponding films was delayed, resulting in a higher 

VOC. In contrast, the modified PSCs showed a faster TPC decay lifetime of 1.28 µs than the pristine (1.69 µs). 

This result confirmed that the modified films showed better charge transportation through PSCs. These 

advantages of the charge carrier dynamics of the modified PSCs demonstrated the defect passivation ability of 

(a) (b) 

(c) (d) 

Figure 3.2-13. The statistical profiles of the (a) PCE, (b) Jsc, (c) Voc, (d) FF of the FASnI3 based PSCs 

with 0 mol%, 1 mol%, 3 mol% and 5 mol% DAGCl, respectively. 



Results and Discussion 

 

57 

 

the DAGCl additive. Electrochemical impedance spectroscopy (EIS) measurements in dark conditions were 

also used to examine the charge carrier recombination properties of PSCs. According to the Nyquist plots, the 

FASnI3-DAGCl (3%) based PSC has a bigger semicircle, indicating a higher recombination resistance (Rrec) 

than the pristine PSC, as shown in Figure 3.2-14c. The higher Rrec for the modified PSC means that the DAGCl 

additive suppresses the charge carrier recombination and leads to faster charge transportation through the PSCs. 

Additionally, we examined the dark J-V analysis to elucidate the intrinsic properties of the PSCs, as shown in 

Figure 3.2-14d. It is noticeable that the modified PSC has shown a lower leakage current than the pristine 

PSC. The lower leakage current of the modified PSC means a lower trap density, a reduction of background 

carrier density, and enhanced charge transportation. This result is consistent with the TPV and TPC analysis 

for the DAGCl passivation effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

Figure 3.2-14. (a) Transient photovoltage decay, (b) transient photocurrent decay, (c) Nyquist plot 

measured under dark conditions, (d) dark J-V curves. 
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   Further, we gain a deeper knowledge of defect densities and a probable reason for the VOC enhancement by 

capacitance characteristics of the PSCs. We have examined the PSCs for pristine FASnI3 and modified FASnI3-

DAGCl (3%) to understand the capacitance (C) response with the charge carrier distribution, i.e., free carrier 

and trap densities, as shown in Figure 3.2-15a. The values of C reflect the number of charge carriers trapped 

at the defect states of the absorber layer and interfaces of the PSCs. The C at the lower-frequency region 

indicates the existence of the electronic trap state in both PSCs. The lowered C value for the modified PSC 

than the pristine PSC all over the range implies that the DAGCl additive can reduce the electronic trap states 

of the perovskite absorber layer and the interfaces of PSCs. The higher C all over the frequency range for 

pristine suggests a higher trap density inside PSCs. For Mott-Schottky profiles, as shown in Figure 3.2-15b, 

(a) (b) 

(c) (d) 

Figure 3.2-15. (a) Admittance spectra, and (b) Mott-Schottky profiles of the FASnI3 and FASnI3-DAGCl (3 

mol%)-based PSCs. Light intensity dependency of (c) VOC and (d) FF of FASnI3 and FASnI3-DAGCl (3%) 

based PSCs. 
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we have calculated the built-in potential (Vbi). The larger Vbi is beneficial for charge carrier separation, 

transportation, and extraction. The modified PSC had a greater Vbi (~ 0.48 V) than the pristine PSC (~ 0.36 

V). The existence of a greater electric field at the interfaces, as indicated by a higher Vbi, allows effective 

charge transfer via the interfaces. The higher Vbi facilitates the enhancement of VOC.  

    To elucidate the charge recombination kinetics during solar cell operation, we analyzed VOC and FF as a 

function of light intensity for pristine and modified PSCs. Figure 3.2-15c illustrates the light intensity 

dependency of VOC for PSCs without and with DAGCl. The relation of VOC with the light intensity can be 

written as VOC =  (nkBT/q) In (I/I+1), where n is the ideality factor, q is the elementary charge, kB is the 

Boltzmann constant, and T is the temperature. In an ideal case of the device, the ideality factor is close to 1 

which suggests radiative recombination. While the value is close to 2, it indicates nonradiative recombination 

mainly through traps or defects within the device. After linear fitting of the plot of VOC vs semilogarithmic light 

intensity, we had a slope of 2.60 kBT/q and 2.06 kBT/q for the pristine and modified PSCs, respectively. The 

lower value of the slope indicates the suppression of trap-assisted Shockley-Read-Hall (SRH) recombination 

of the modified PSC under open-circuit conditions. This could be due to the higher crystalline perovskite films 

than pristine with more effective electronic defect passivation. The light intensity dependence of FF for pristine 

and modified PSCs is shown in Figure 3.2-15d. The FF is associated with trap filling and bimolecular 

recombination, occurring at a low density and at a high density of photogenerated carriers, respectively. In the 

case of the FASnI3-DAGCl (3%) based PSC, the value of FF increases initially up to 3 mWcm-2 and then 

remains almost constant at a higher intensity of light. This trend indicates the reduction of trap-assisted 

recombination in the PSC and expects better FF at a lower carrier density (lower light intensity). On the other 

hand, the FF increased gradually with increasing light intensity up to 1 sun condition for the pristine PSC. This 

behaviour suggested that more photogenerated charge carriers are needed to fill the traps to suppress trap-

assisted recombination. 

      We examined the stability of the fabricated PSCs based on FASnI3 and FASnI3-DAGCl (3%). The PSCs 

were stored inside an N2 glovebox and tested the stability over time. The FASnI3-based PSC decreased by 

about 45% of the original PCE after 1100 h, as shown in Figure 3.2-16a. In comparison, the FASnI3-DAGCl 

(3%) based PSC retained about 95% of the original PCE after 1100 h. Most importantly, we tested encapsulated 
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PSCs (Figure 3.2-17) under continuous light illumination (1 sun condition) at room temperature. The FASnI3-

based PSC degraded much faster at continuous light soaking, whereas the FASnI3-DAGCl (3%) based PSC 

retained PCE of 65% after 400 h under continuous light soaking (Figure 3.2-16b). Such stability under light 

soaking indicates the good quality and lower anionic vacancies of the respective perovskite films.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

    We introduced the bulky guanidine-based additive 1,3-diaminoguanidine monohydrochloride (DAGCl) 

into a Sn perovskite to improve the perovskite crystallization and passivate the electronic defects. The amino 

groups of the bifunctional DAGCl formed hydrogen bonding with iodide in the FASnI3 framework and 

suppressed the losses of I-. The Cl-formed covalent bonds with undercoordinated Sn2+ ions and improved the 

crystallinity with a stabilized FASnI3 perovskite structure and retarded the Sn2+ oxidation. This dual aspect of 

the DAGCl additive simultaneously affects the fabrication process, enhances electron mobility, and reduces 

Figure 3.2-16.  (a) Shelf-life stability of FASnI3 and FASnI3-DAGCl (3%)-based PSCs in an N2-filled 

glovebox and (b) light-soaking stability of FASnI3 and FASnI3-DAGCl (3%)-based encapsulated PSCs 

under 1 sun (100 mWcm-1) illumination of the MPPT system (Figure 3.2-17). 

(a) (b) 

(a) (b) 

Figure 3.2-17. (a) Cavity glass, (b) Encapsulated Sn-PSC. 
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trap density. The modified PSC (3% mol DAGCl) showed a PCE of 8.92% with a significantly improved VOC 

of up to 0.61 V. The enhancement of VOC is about 110 mV compared to the pristine PSC (0.50 V) due to the 

improved perovskite film quality and the well-matched energy band diagram with the adjacent transport layer. 

Moreover, the modified PSC retained 95% of its initial PCE after 1100 h and showed stability during 

continuous light soaking.  
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3.3 Inhibition of Sn2+ Oxidation in FASnI3 Perovskite Precursor 

Solution and Enhanced Stability of Sn-Based Perovskite Solar 

Cells by Multifunctional Additive  
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3.3.1 Interaction of 4-fluorophenylhydrazine Hydrochloride with Perovskite Precursor 

Solution 

    The solution process prepared Sn-based perovskite used precursor solution, and the fabricated films quality 

always depends on the properties of precursor solutions. Due to the fast crystallization and easy oxidation of 

free Sn2+ ions in commonly used solvent DMSO, the fabricated films always form voids and pinholes and 

generate several various defects (Sn vacancy and I vacancy). It is reported that the I ions (I-) in the precursor 

solution could produce ionic accumulation to generate I2 due to the volatilization of DMSO and weak van der 

Waals-type interaction between SnI2 and DMSO.75 To solve above mentioned problems, the 4-

fluorophenylhydrazine hydrochloride (4F-PHCl) is introduced in the FASnI3 perovskite precursor solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

    To justify the oxidation of I- to I2/I3
- in the precursor solution, we first prepared the solution of SnI2 in 

DMSO and placed it in an ambient environment at 30% relative humidity. The color of the SnI2 solution turns 

(a) (b) (c) 

(d) 
(e) 

Figure 3.3-1. (a) Photographs of SnI2 solution, aged SnI2 solution, aged SnI2+4F-PHCl solution and I2 solution 

in DMSO solvent. (b) Ultraviolet (UV)-visible absorption spectra of solution in Figure 1a. (c) 1H NMR spectra 

of FAI, FAI+4F-PHCl, SnI2+4F-PHCl, FAI+SnI2, and FAI+SnI2+4F-PHCl in DMSO-d6 solution. (d) 

Photographic images of pristine and 10 % 4F-PHCl modified FASnI3 precursor solution in air for different 

period of time. (e) Possible chemical reactions for I2 and Sn4+ defects back to I- and Sn2+. 
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deddish yellow after aging, disclosing that the I- in the SnI2 solution is oxidized to I-/I3
- during the aging 

process, as shown in Figure 3.3-1a. The characterizing UV-vis absorption edge of I2 or I3
- was shifted to a 

longer wavelength after the SnI2 solution was aged, as shown in Figure 3.3-1b. After adding 4F-PHCl into the 

aged SnI2 solution, the absorption edge turns to a shorter wavelength again, validating that the hydrazine group 

containing 4F-PHCl additive could effectively reduce the I2/I3
- defects and restore them to I-. This finding 

indicates that the 4F-PHCl can interact with SnI2 and significantly suppress the oxidation of I- in the precursor 

solution and maintain the properties of a solution. To confirm the interaction of 4F-PHCl with SnI2 and the 

formation of coordination bond, we examined the Fourier transform infrared (FTIR) spectra for SnI2 powder, 

4F-PHCl powder, SnI2-DMSO adduct, and SnI2-4F-PHCl adduct, as shown in Figure 3.3-2a. Powdered 4F-

PHCl has a characteristic absorption at 3206 cm-1, which corresponds to the stretching vibration frequencies 

of the N-H group based on FTIR analysis. The peak was shifted to lower wavenumbers at 3183 cm-1 after 

interaction with SnI2. This shift could be related to the formation of coordination bonds by 4F-PHCl with 

SnI2.84 In addition, the color of the 4F-PHCl additive turned reddish yellow from brown after interaction with 

SnI2, as shown in Figure 3.3-2b. 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 3.3-2. (a) FTIR spectra of SnI2 powder, SnI2-DMSO adduct, 4F-PHCl powder, and SnI2-4F-PHCl 

adduct. (b) Pictorial presentation of SnI2 powder, 4F-PHCl powder and SnI2-4F-PHCl adduct powder. 
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    We performed the liquid-state photon nuclear magnetic resonance (1H NMR) spectra of FAI, FAI+4F-

PHCl, SnI2+4F-PHCl, FAI+SnI2, and FAI+SnI2+4F-PHCl in deuterated dimethyl sulfoxide-d6 (DMSO- d6) 

solution, as shown in Figure 3.3-1c. Proton resonance peaks at 7.78, 8.46, and 8.76 ppm in FAI+SnI2 1H NMR 

spectra have been attributed to CH2, NH2, and NH3 for FA, respectively. However, when 4F-PHCl was 

introduced into the FAI+SnI2 solution, two new peaks formed at 6.87 ppm and 7.07 ppm. Those two peaks 

were in addition to the three peaks that were mentioned earlier. Based on these findings, we decided to come 

up with the assumption that the end groups of 4F-PHCl that contain ammonium (NH3
+) undergo a hydrogen 

bond (-N−H···I) interaction with iodide originating from [SnI6]4- octahedra.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    The ultimate outcome of these strong interactions is a stable precursor solution that will effectively prevent 

oxidation involving Sn2+ and DMSO. To accomplish this goal, a fresh solution of FASnI3 with and without 

4F-PHCl is prepared and exposed to the precursor solution in the air at a relative humidity of 40%, as illustrated 

in Figure 3.3-1d. At first, the color of both precursor solutions was similar to that of a light yellow. After 

being exposed for 100 minutes in the ambient air, the pristine perovskite precursor solution changes color to a 

Figure 3.3-3. Schematic illustration of crystallization process of pristine and 10% 4F-PHCl modified films. 
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reddish darken, indicating the oxidation of Sn2+ to Sn4+ by DMSO.34 On the other hand, adding 4F-PHCl in 

the precursor solution of FASnI3 maintains almost the initial color indicating it the strongly protected from the 

Sn2+ oxidation and maintains the precursor solution characteristics properties. According to this study, the 

incorporation of 4F-PHCl into the precursor solution enhances the solution stability with inhabited the Sn2+ 

oxidation by DMSO. The possible chemical reaction for restoring the I2 and Sn4+ defects back to me- and Sn2+ 

is shown in Figure 3.3-1e. The crystallization process of pristine and modified perovskite films is 

schematically illustrated in Figure 3.3-3. 

    To confirm the chemical interaction between perovskite and 4F-PHCl, we examined the X-ray 

photoelectron spectroscopy (XPS) measurement. In Figure 3.3-4, the characteristic peaks of C 1s and N 1s 

from FA+ move to lower binding energy. This result indicates the electron-rice environment on the perovskite 

matrix due to the electron-doner effect of phenyl-containing 4F-PHCl additive.  

 

 

 

 

 

 

 

 

3.3.2 Morphology and Crystallinity of the Perovskite Films 

    Scanning electron microscopy (SEM) measurements have been explored to evaluate the 4F-PHCl additive 

impact on the nucleation and crystallization processes. Perovskite films were deposited on indium tin oxide 

(ITO) substrates coated with poly (3,4 ethylenedioxythiophene: poly(styrenesulfonate) (PEDOT: PSS), 

followed by thermal annealing. As seen in Figure 3.3-5, the addition of 4F-PHCl has a positive effect on the 

crystallization process of 3D FASnI3 perovskite. With the addition of 4F-PHCl additive in the precursor 

solution, the crystal grain size of the films changes to become progressively smooth and larger. We found that 

the pristine perovskite has a narrow grain size distribution and has an average grain size (Dav) of 270 nm with 

(a) (b) 

Figure 3.3-4. The XPS spectra of (a) C 1s and (b) N 1s. 
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a standard deviation of 59 nm, as shown in Figure 3.3-6. Perovskite films with 10% 4F-PHCl content have a 

large average grain size of 520 nm with a standard deviation of 80 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We noticed that the grain size increased up to a concentration of 10% 4F-PHCl, but after that, at a concentration 

of 15 % 4F-PHCl, the grain size began to decline. In spite of the fact that the grain size range is rather large in 

all 4F-PHCl-contained perovskites film, the total grain size is much larger than in pristine perovskite films 

(Figure 3.3-6). The cross-sectional SEM images of pristine and 10% 4F-PHCl modified perovskite are shown 

in Figure 3.3-7. The modified perovskite film is almost composed of grain, and pristine perovskite has a less 

aligned grain. From top view SEM and cross-sectional SEM, it may conclude that the 10% 4F-PHCl modified 

perovskite has denser and more compact grain at the surface and bulk. Perovskite films with large grains may 

have resulted from additive-induced nucleation of perovskite films. Additive 4F-PHCl plays three roles in 

enhancing the perovskite film quality. First, it maintains the precursor solution properties by detrimental I2 

(b) 

(c) (d) 

Figure 3.3-5. SEM images of the (a) pristine, (b) 5% 4F-PHCl, (c) 10% 4F-PHCl, and (d) 15% 4F-PHCl-

modified FASnI3 perovskite films. 

(a) 
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defects back to I- and suppresses the Sn2+ oxidation in the precursor solution. Second, the 4F-PHCl additive 

makes coordination with [SnX6]4- in the perovskite lattice by hydrogen bond (-N−H···X). The interaction leads 

to slowing down the crystallization process (Figure 3.3-8) and reduces the number of nucleation sites and 

sluggishness in the pace of crystallization. Third, 4F-PH+ cations could be taken place in the vacant position 

of FA+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

    To verify the inclusion of 4F-PH+ into the crystal lattice, we evaluated the X-ray diffraction (XRD) analysis 

of the pristine and 4F-PHCl containing perovskite films. The perovskite films were prepared using FASnI3 

precursor solution with varying molar ratios of 4F-PHCl (0%, 5%, 10%, and 15%). As illustrated in Figure 

(a) (b) 

(c) (d) 

Figure 3.3-6. The graine size distribution of (a) pristine, (b) 5% 4F-PHCl, (c) 10% 4F-PHCl and (d) 51% 

4F-PHCl-modified FASnI3 perovskite film, respectively. Grain size (total 100 for each case) calculated by 

ImageJ software. 
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3.3-9, all the films have shown the dominant diffraction peaks at 14.1°, 24.4°,28.2°, and 31.6° can be ascribed 

to the (100), (102), (200), and (122) orthorhombic lattice (Amm2) crystal planes of the FASnI3 perovskite, 

respectively. In addition, the intensity of diffraction peaks corresponding to the [100] plane is significantly 

enhanced with the addition of 4F-PHCl, which suggests that the introduction of 4F-PHCl in perovskite 

precursor solution is beneficial for improving the crystalline quality of the fabricated perovskite film. 

However, diffraction angles gradually shift to a lower angle with increasing the amount of 4F-PHCl, indicating 

that 4F-PH+ is incorporated into the FASnI3 perovskite crystal lattice. Fortunately, no diffraction peaks have 

arisen in the lower angle, indicating no dimensional reduction happens after the inclusion of 4F-PH+ in the 3D 

FASnI3 perovskite crystal lattice.  

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 3.3-7. Cross-sectional SEM images of (a) pristine and (b) 10% 4F-PHCl modified PSCs. 

Figure 3.3-8. Pictorial presentation of crystallization process during spin coating process. 
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3.3.3 XPS Analysis for Sn and I Defects 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3-9. XRD patterns of the pristine and 4F-PHCl modified perovskite films. 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

Figure 3.3-10. High-resolution XPS spectra of pristine and 4F-PHCl modified perovskite films for (a, b, c and d) 

Sn 3d5/2 and (e, f, g and h) I 3d5/2, respectively. (i) Stoichiometric ratio of Sn2+/I- for corresponding films. 
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    The perovskite films are prepared by spin-coating process and then annealed for full crystallization. 

During the spin-coating, while volatile DMSO leaves the film due to weakly bonded with SnI2 layer space by 

van der Waals-type interaction, the fast crystallization is attributed to the lower quality of films. After the 

inclusion of 4F-PHCl in the perovskite precursor solution, the crystallization kineties have changed and slowed 

down the nucleation process by a hydrogen bond (-N−H···X) formed between the ammonium group in 4F-

PH+ and I– /Cl- in [SnX6]4- framework of perovskite matrix. This type of interaction inhabited the oxidation of 

Sn2+ to Sn4+
, and I- ions to I2 or I3

-, which would reduce the Sn and I defects on top of the surface of the films. 

These defects make it easier to produce major deep-level traps, which results in nonradiative recombination 

loss.95 To quantify the Sn and I defects in perovskite films, we conducted the XPS on these films. As 

demonstrated in Figure 3.3-10a, b, c, d, the Sn 3d area showed two distinct peaks, one at 486.42 eV and the 

other at 487.29 eV. These peaks may be attributed to the binding energy of the Sn2+ atom in the perovskite 

structure and the oxidized Sn4+ atom on the surface of the film, respectively. We observed the reduced atomic 

percentage of Sn4+ for the 10% 4F-PHCl containing perovskite films as compared to pristine film. The 

modified films showed the remarkably suppressed Sn4+ content of 34.0% of the pristine film to 11.0% of 10% 

4F-PHCl modified films.  

Table 3.3-1. The fitting results of XPS spectra for the pristine and 10% 4F-PHCl modified FASnI3 films. 

Sample 

 

 

FASnI3 

Sn 3d5/2 I 3d5/2 Stoichiometric 

ratio of Sn2+ 

and I- 

   

Sn2+ Sn4+ I- I3
-  

 

1:1.87 Area 7755 3995 14555 3809 

 

10% 4F-PHCl 

Sn 3d5/2 I 3d5/2  

 

 

1:2.43 

Sn2+ Sn4+ I- I3
- 

Area 11125 1375 27033 3932 

 

    In terms of I defects, the pristine films possess a percentage of I- up to 79.2% is lower than 10% 4F-PHCl 

modified film (87.3%), as shown in Figure 3.3-10e, f, g, h. Interestingly, the ratio of I3
-/I in the pristine film 

is 20.8%, while this ratio of 10% 4F-PHCl modified films is 12.7%. The lower ratio of I3
-/I for 10% 4F-PHCl 

modified film indicates the higher quality of films with less amount of I3
- on top of the perovskite surface. 
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From the XPS analysis, it is confirmed that the incorporation of 4F-PHCl in FASnI3 perovskite precursor 

solution is beneficial and significantly suppressed the loss of Sn2+ and I-. This suppression maintains the 

stoichiometric ratio of Sn2+/I- is 1: 2.43 (theoretical value is 1:3), while the ratio of pristine is 1:87, as shown 

in Figure 3.3-10i. The details information of XPS analysis for pristine and 10% 4F-PHCl modified film is 

demonstrated in Table 3.3-1. Moreover, the contact angle measurements were conducted to evaluate the 

hydrophobicity of both the pristine film and 10% 4F-PHCl modified film.  

3.3.4 Water Contact Angle 

    As demonstrated in Figure 3.3-11, the water contact angle of the modified film was increased from 58.8° 

to 76.2°. This indicated that the inclusion of 4F-PHCl in perovskite resulted in an enhancement of the 

hydrophobicity of the films. The inclusion of 4F-PH+ in the crystal lattice enhanced the grain size and reduced 

the density of the grain boundary (GB). The lower number of GB and the presence of hydrophobic fluoride 

ions benzene ring in 4F-PHCl combinedly showed the resistivity against water.1 This improved hydrophobicity 

is the foundation for preventing perovskite degradation under ambient environments, which enables a stable 

Sn-based PSC. 

 

 

 

 

 

3.3.5 Photophysical Properties of Perovskite Films 

    The results of studies using steady-state photoluminescence (PL) and time-resolved photoluminescence 

(TRPL) spectroscopy are shown in Figures 3.3-12a, b. It has been found that there is a shift to the blue side 

of the spectrum at the peak of the PL spectra for 10% 4F-PHCl-containing perovskite films. This blue shifted 

because of the inclusion of 4F-PH+ into the crystal lattice. The stronger PL intensity for 10% 4F-PHCl 

containing perovskite film indicates the 4F-PH+ helps to the formation of higher quality film and effectively 

Figure 3.3-11. Water contact angle measurement of the pristine and 10% 4F-PHCl modified perovskite films. 
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suppresses the nonradiative charge carrier recombination. In addition, the pristine film in Figure 3.3-12b has 

a carrier lifetime of 4.36 ns, but the film with 10% 4F-PHCl has a carrier lifetime of 8.9 ns. The prolonged 

carrier lifetime is due to the higher crystallinity and suppression of defects in the perovskite films. 

 

 

 

 

 

 

 

 

3.3.6  Photovoltaic Performances and Reproducibility 

    To evaluate the effect of 4F-PHCl additive on photovoltaic performance, we fabricated inverted structure 

PSCs with an ITO/PEDOT: PSS/perovskite/C60/bathocuproine (BCP)/Ag, as shown in Figure 3.3-13a. The 

comparable cross-sectional SEM images of pristine and 10% 4F-PHCl modified PSCs are shown in Figure 

3.3-7. The modified PSCs showed the more uniform grain of the perovskite layer, which was well sandwiched 

between the C60 electron transport layer (ETL) and the PEDOT: PSS hole transport layer (HTL). Figure 3.3-

13b shows the current density-voltage (J-V) of pristine and 10% 4F-PHCl modified PSC. The PSCs of pristine 

have a PCE of 6.32%, with a JSC of 17.90 mAcm-2, VOC of 0.51 V, and fill factor (FF) of 69.2%. With the 

inclusion of 10% 4F-PHCl, the photovoltaic performance of the PSCs has significantly improved PCE of 

10.86%, with a JSC of 20.95 mAcm-2, VOC of 0.73 V, and fill factor (FF) of 71.0 %. The PCE improvement is 

due to the enhancement of JSC and FF. The higher JSC, VOC, and FF due to the enlarger crystal grain ensures 

more charge transportation and lower trapped of the carrier. The incident photon-to-current conversion 

efficiency (IPCE) spectra of pristine and 10% 4F-PHCl-containing PSCs are shown in Figure 3.3-13c. The 

IPCE enhancement ensures the reliability of improved photocurrent. The modified PSCs showed an increased 

(a) (b) 

Figure 3.3-12. (a) Steady-state PL spectra and (b) Normalized time-resolved photoluminescence 

(TRPL) spectra of pristine and 10% 4F-PHCl modified films fabricated on glass substrates.  
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IPCE value in the wavelength range from 300-830 nm, which correlates to the higher JSC value for 4F-PHCl-

containing PSCs. The integrated JSC from the IPCE measurements well matches the calculated JSC value from 

the J-V curves. Figure 3.3-13d shows the distribution of photovoltaic PCEs of pristine and 10% 4F-PHCl 

modified PSCs. The modified PSCs have shown the more uniform distribution of PCE indicates good 

reproducibility. 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.7 Perovskite Solar Cells Properties 

    To evaluate the passivation effect in 10% 4F-PHCl modified perovskite films, the space-charge-limited 

current (SCLC) analysis has been used to quantify the trap-state density and electron mobility for electron only 

devices based on pristine and 10% 4F-PHCl modified. The device structure ITO/SnO2/FASnI3/C60/Ag as in 

Figure 3.3-13. (a) Complete PSC structure. (b)  J-V curves and (c) IPCE of pristine and 10% 4F-PHCl 

modified PSCs. (d) Statistical distribution of PCE for pristine and 10% 4F-PHCl modified PSC. 

(a) 
(b) 

(c) (d) 



Results and Discussion 

 

75 

 

Figure 3.3-14a, and defect density was calculated by using trap-filled limit (TFL) voltage (VTFL). The defect 

density (nt) can be calculated by using the following equation. 

nt = 2 εrεoVTFL/qL2                                                                                                                            

where q is the elementary charge of the electron, εr is the relative dielectric constant (5.7), εo is an absolute 

dielectric constant of vacuum (8.85 × 10-14 Fcm-1), and L is the thickness of perovskite film (180 nm).96 The 

trap density of the pristine and 10% 4F-PHCl modified device are 4.87 × 1015
, and 2.92 × 1015 cm-3 with VTFL 

values are 0.25 V and 0.15 V, respectively. In addition, we have calculated the electron mobility of the 

respected devices by using the following equation. 

J= 9εrεoµeV2/8L3                                                                                                                                  

where J and V are the current and voltage of the electron-only device, respectively. The calculated electron 

mobility of the 10% 4F-PHCl modified device is 3.36 × 10-3 cm2 V-1 s-1, which is higher than a pristine device 

(1.57 × 10-4 cm2 V-1 s-1). The reduction of trap density and enhancement of electron mobility of modified 

device due to the high quality of fabricated perovskite film. 

    To examine the charge transport characteristics of pristine and 10% 4F-PHCl modified PSCs, we 

conducted electrochemical impedance spectroscopy (EIS) measurements in dark conditions, as shown in 

Figure 3.3-14b. The charge recombination resistance values are connected to the single semicircle that can be 

seen in the Nyquist plots of both the pristine and modified PSCs. The modified PSC has a bigger semicircle, 

which indicates that it has a larger recombination resistance (Rrec) than the pristine PSC. The enhancement of 

crystal quality and suppression of Sn2+ oxidation and I- losses, both of which work together to effectively limit 

the recombination of charge carriers. To gain more information on charge carrier transportation, we examined 

the transient photovoltage (TPV) of the PSCs, as shown in Figure 3.3-14c. TPV measurement is conducted 

under an open circuit condition and reflects the information about photo carrier recombination. The pristine 

PSC showed a lower photovoltage decay constant of 3.22 μs than the modified PSC (4.32 μs). This finding 

indicated that the carrier recombination was delayed for modified PSC than pristine PSC. To confirm the 

reasons for reduced charge recombination for PSCs, we carried out the dark J-V measurement for both PSCs, 

as shown in Figure 3.3-14d. The modified PSC displays are subjected to lower leakage current than pristine 
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PSC. The lower leakage current of modified PSC indicated a significantly lower background carrier density 

and more good diode behaviour than pristine PSC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.8 Stability of PSCs  

    To evaluate the stability of the fabricated PSC, we stored it inside an N2-filled glovebox and monitored 

the stability over a period of time. The pristine PSC decreased its original PCE by about 40% after 25 days, as 

shown in Figure 3.3-15. In contrast, the modified PSC retained about 92% of its original PCE after 80 days. 

Therefore, the high quality of fabricated films after modification by 4F-PHCl could effectively suppress the 

Sn2+ oxidation and I- losses and manage the PSC stability in N2 environments. 

Figure 3.3-14. (a) Dark J-V curves of the electron-only devices fabricated with pristine and 10% 4F-PHCl 

modified absorber layer. (b) Nyquist plot measurement under dark conditions, (c) Transient photovoltage 

decay, and (d) dark J-V curves of pristine and 10% 4F-PHCl modified PSCs.  

(a) (b) 

(c) (d) 
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    In summary, we introduced the 4F-PHCl additive in the FASnI3 precursor solution and stabilized the 

solution properties. It is demonstrated that the hydrazine functional group maintains the FASnI3 precursor 

solution quality by controlling SnI2 dissociation in DMSO solvent. This additive could I2 defects back to I-, 

which inhibits the formation of I2 and generation of free Sn2+ ions in precursor solution and effectively 

suppresses the Sn2+ oxidation. In addition, large organic cation 4F-PH+ ions are successfully incorporated into 

the crystal lattice without any dimensionality reduction of 3D perovskite crystals and maintain moisture 

stability due to the presence of a hydrophobic fluorinated benzene ring. As a result, 10 % 4F-PHCl modified 

PSCs showed PCE of 10.86%, and the unencapsulated device maintained over 92% of initial PCE in N2 

glovebox for 80 days. This work light on the initial source of Sn2+ oxidation in final films and provides an in-

depth insight into effective strategies to hinder the Sn2+ oxidation in precursor solution and fabricated high-

quality films. 

  

Figure 3.3-15. Shelf-life stability of pristine and 10% 4F-PHCl modified PSCs in an N2 glovebox. 
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Conclusion 

    Globalization and mankind fully depend on the availability of energy. To meet the energy demand while 

considering the environmental impact, the future energy hub may possibly use renewable energy. Solar energy 

has to play the leading role in renewable energy due to the sun being the never-ending source and the most 

dependable. Photovoltaic cells convert sunlight into electricity, and modern technological advantages help to 

improve performance over time. The use of perovskite materials as an absorber in perovskite solar cells (PSCs) 

has been highlighted as a potentially game-changing innovation in photovoltaic technology. The power 

conversion efficiency (PCE) of PSCs is quickly catching up to that of established solar technology as a 

consequence of worldwide research efforts in a short period of time. The most interesting aspect of PSCs is 

their easy and low-cost fabrication system. Due to the promising optoelectronic properties and easy fabrication 

process, researchers of the photovoltaic community have been inspired to solve the existing problems. To 

consider the commercialization of PSCs, their performance, as well as stability and reproducibility, are 

important. The absorber layer is the key concerning issues of PSCs. In this thesis, our aim is to develop lead-

free perovskite materials while considering the reproducibility, stability, and performance of PSCs. 

    In this thesis, I have successfully fabricated the reproducible and stable CsBi3I10 PSCs with optimized 

fabrication conditions of thin films and introduced a bathocuproine (BCP) interfacial layer (BIL) at the 

perovskite/ETL interface. We obtained suitable fabrication conditions. Furthermore, for the first time in Bi-

PSCs, we introduced a BIL in the perovskite/ETL interface of inverted planar device structure; ITO/ PEDOT: 

PSS/ CsBi3I10/BCP/C60/BCP/Ag. The inclusion of BIL at the perovskite/ETL interface reduced the possible 

hole leakage from the HTL to the ETL through CsBi3I10. The BIL reduced the interfacial defects at 

perovskite/ETL interfaces and improved the reproducibility of the respective PSCs. The PSC with a 6-nm-

sized BIL has a maximum PCE of 0.80% and excellent reproducibility. Furthermore, the PSC exhibits 

negligible hysteresis effects and retains ~90% PCE of its initial efficiency after 528 h. Although the PCE of 

CsBi3I10 PSC is still lacking, this study showed the pathway to improve the reproducibility and stability of Bi-

PSCs, which is a basic requirement for the systematic development of PCE. 

 

    In an attempt to improve the PSC’s performance of Sn-PSCs, we introduced the bulky guanidine-based 



Conclusion 

 

80 

 

additive 1,3-diaminoguanidine monohydrochloride (DAGCl) into an Sn perovskite to improve the perovskite 

crystallization and passivate the electronic defects. The amino groups of the bifunctional DAGCl formed 

hydrogen bonding with iodide in the FASnI3 framework and suppressed the losses of I-. The Cl-formed covalent 

bonds with undercoordinated Sn2+ ions and improved the crystallinity with a stabilized FASnI3 perovskite 

structure and retarded the Sn2+ oxidation. This dual aspect of the DAGCl additive simultaneously affects the 

fabrication process, enhances electron mobility, and reduces trap density. The modified PSC (3% mol DAGCl) 

showed a PCE of 8.92% with a significantly improved VOC of up to 0.61 V. The enhancement of VOC is about 

110 mV compared to the pristine PSC (0.50 V) due to the improved perovskite film quality and the well-

matched energy band diagram with the adjacent transport layer. Moreover, the modified PSC retained 95% of 

its initial PCE after 1100 h and showed stability during continuous light soaking. 

    In this thesis, we attempted to determine the cause of Sn2+ oxidation in Sn-perovskite and introduced the 

possible solutions. We introduced the 4F-PHCl additive in the FASnI3 precursor solution and stabilized the 

solution properties. It is demonstrated that the hydrazine functional group maintains the FASnI3 precursor 

solution quality by controlling SnI2 dissociation in DMSO solvent. This additive could I2 defects back to I-, 

which inhibits the formation of I2 and generation of free Sn2+ ions in precursor solution and effectively 

suppresses the Sn2+ oxidation. In addition, large organic cation 4F-PH+ ions are successfully incorporated into 

the crystal lattice without any dimensionality reduction of 3D perovskite crystals and maintain moisture 

stability due to the presence of a hydrophobic fluorinated benzene ring. As a result, 10 % 4F-PHCl modified 

PSCs showed PCE of 10.86%, and the unencapsulated device maintained over 92% of initial PCE in N2 

glovebox for 80 days. This work light on the initial source of Sn2+ oxidation in final films and provides an in-

depth insight into effective strategies to hinder the Sn2+ oxidation in precursor solution and fabricated high-

quality films. 

    In conclusion, this thesis work instructs the reader on how to improve the reproducibility and stability of 

Bi-PSCs. In the case of Sn-PSCs, this thesis introduced an effective way to reduce the Sn2+ oxidation and I- 

ion losses. This work finds out the origin of Sn2+ oxidation in the precursor solution of Sn-perovskite and 

introduces an effective way to solve this problem. 
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Figure 4.1. Summary of the research in this thesis. 
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