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Abstract 

Perovskite solar cells (PSCs) have attracted significant attention due to their higher 

efficiencies and lower fabrication costs.  But for the better performance of PSCs, a high-

quality electron transport layer (ETL) is crucial. Various ETLs have been employed and 

among them Tin (IV) oxide (SnO2) has emerged as a promising candidate for electron 

selective layer in PSCs due to its superior optical and electrical characteristics. However, 

there is still improvement needed in terms of poor surface morphology and conductivities 

of SnO2. When SnO2 is used in conjunction with absorber layer in ambient conditions, 

stability, and charge carrier recombinations at SnO2/perovskite interface remains a serious 

challenge as well. This study presents the doping of lanthanum (La III), a rare earth 

element, into SnO2 ETLs to improve the quality and performance of the perovskite layer 

deposited on top of ETL in ambient condition. With the optimized 4% La (III) doping, 

SnO2 ETLs become more crystalline with lower parasitic light absorption and surface 

morphology improves significantly. The improvement in morphology due to doping 

facilitates larger crystal growth of perovskite in ambient environment. Moreover, 

Photoluminescence reveals that with optimized level of doping, interfacial charge 

recombinations are significantly mitigated ensuring smooth injection of electrons into 

ETL because of superior perovskite film quality. The mixed-cation mixed-halide 

perovskite film deposited on 4% La-doped ETL show better resistance towards moisture 

ingress and will substantially contribute to develop long-life of planar PSCs.  

 

Keywords: Electron transport layer, perovskite solar cells, ambient fabrication, elemental 

doping  
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Chapter 01 

Introduction 

1.1 Introduction 

The global urgency to transition towards clean and renewable energy sources has fueled 

extensive research in the solar energy domain [1] This push is driven by the increasing 

concerns about climate change, depleting fossil fuels, and the need to meet the ever-

growing demand for energy. Among the numerous photovoltaic technologies studied, 

perovskite solar cells (PSCs) have captured the attention of researchers and the solar 

industry, owing to their exceptional properties [2]. 

Perovskite solar cells (PSCs) have seen a rapid growth in power conversion efficiency, 

ranging from 3.8% to 25.8%, and are becoming increasingly popular due to their high 

efficiency, ease of manufacturing, and affordability [1], [3]–[5]. Organic-inorganic halide 

perovskite materials have arisen as a research priority, leading to top-performing PSCs 

due to their remarkable optoelectronic features such as high absorption coefficients [6], 

high carrier mobility [7], and variable bandgaps [8]. The rapid development of these 

hybrid PSCs has sparked the solar industry's interest as a viable alternative to conventional 

photovoltaic systems [9]. Because of their great mechanical flexibility, low temperature 

produced lead halide perovskites also hold promise for extremely efficient, lightweight, 

and flexible solar systems [10]. While their conversion efficiencies are comparable to 

those of commercially available crystalline silicon solar cells, many critical limitations 

prevent perovskite materials from being widely adopted and commercialized [11]. Among 

these issues include the fundamental ionic properties [11] and delicate framework [12] 

[13] of perovskite materials, as well as considerable charge recombination between 

different contact layers [14]. 

To unlock the full potential of PSCs, a thorough understanding and optimization of ETL 

properties are necessary. This thesis aims to contribute to this endeavor by investigating 

the development and characterization of doped metal oxide based ETLs for PSCs. This 

research seeks to identify lanthanide doped ETL composition and strategies that can 
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further enhance the performance and stability of PSCs, paving the way for their large-scale 

deployment and commercialization. 

1.2 Perovskite Solar Cells (PSCs) 

1.2.1 Structure and Working Principle 

Perovskite solar cells (PSCs) are a unique class of photovoltaic devices that utilize a 

perovskite material as the light-absorbing layer [15]. The general structure of a PSC 

consists of three primary layers: a perovskite absorber layer, a hole transport layer (HTL), 

and an electron transport layer [16]. These layers are carefully assembled to form a 

sandwich-like configuration that enables efficient charge separation and transport within 

the device. The perovskite absorber layer is the heart of the PSC, responsible for absorbing 

incident sunlight and generating excitons, which are bound electron-hole pairs. Perovskite 

materials exhibit exceptional light absorption properties, with high absorption coefficients 

[7] and tunable bandgaps, allowing them to harvest a broad range of the solar spectrum 

[6]. 

 

Figure 1.1. General working principle of PSCs [17] 

Upon the absorption of light by the perovskite layer, excitons are generated within the 

material. These excitons then rapidly dissociate into free electrons and holes, primarily 

due to the strong electric field at the interfaces between the perovskite and the transport 

layers [18]. Efficient charge separation is crucial for minimizing recombination losses and 
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maximizing the overall efficiency of the solar cell [19]. Once the charges are separated, 

they need to be transported to their respective electrodes to create a flow of current through 

an external circuit. This is where the electron transport layer (ETL) and hole transport 

layer (HTL) come into play. The ETL selectively collects the free electrons generated in 

the perovskite layer and guides them towards the negative electrode (cathode), while the 

HTL performs a similar function for holes, directing them towards the positive electrode 

(anode) [16]. The selective nature of the ETL and HTL ensures minimal cross-

recombination between the electrons and holes, allowing for efficient charge extraction 

and transport. 

The synergistic operation of the perovskite absorber layer, ETL, and HTL is critical for 

the high performance of PSCs. Their respective properties, such as energy levels, 

conductivity, and interface quality, must be carefully optimized to ensure maximum charge 

separation, collection, and transport, ultimately leading to a high-power conversion 

efficiency in the resulting solar cell [20]. 

1.2.2 Advantages and Challenges 

Perovskite solar cells (PSCs) are an emerging technology that has garnered significant 

attention in the renewable energy sector due to their impressive qualities. They exhibit 

high power conversion efficiency [6], which means that they can effectively convert 

sunlight into usable electricity with minimal losses. This efficiency is comparable to, and 

in some cases even surpasses, that of traditional silicon-based solar cells, making PSCs a 

highly promising alternative for solar energy generation. 

Another major advantage of PSCs is their low production cost [21]. Unlike silicon solar 

cells, which require expensive and energy-intensive manufacturing processes, PSCs can 

be fabricated using solution-based techniques. This involves dissolving the perovskite 

materials in a solvent and then depositing the resulting solution onto a substrate using 

methods such as spin-coating or inkjet printing. The ease and affordability of these 

processes significantly reduces the overall cost of producing PSCs, making them an 

attractive option for widespread deployment. Furthermore, the solution processability of 

PSCs allows for the possibility of producing lightweight, flexible, and semi-transparent 
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solar cells [22]. These attributes open up a wide range of potential applications, such as 

integration into building materials, portable electronics, etc. 

Despite these advantages, there are a few key challenges that must be addressed before 

PSCs can be commercialized on a large scale. One of the primary concerns is the long-

term stability of the devices [11]. PSCs are known to degrade over time, particularly when 

exposed to moisture, oxygen, and temperature fluctuations. This degradation can 

significantly reduce their efficiency and shorten their operational lifespan, making them 

less competitive with established solar cell technologies. Another crucial issue is the 

toxicity of lead-based perovskites, which are commonly used in PSCs due to their 

excellent photovoltaic properties [23]. The presence of lead poses both environmental and 

health risks, raising concerns about the safety and sustainability of using these materials 

in solar cells. To mitigate these risks, researchers are exploring alternative materials, such 

as tin or bismuth-based perovskites, that can provide comparable performance without 

toxic elements. 

Perovskite solar cells have the potential to revolutionize the solar energy industry due to 

their high efficiency, low production cost, and solution processability. However, 

overcoming the challenges of long-term stability and lead toxicity is essential for the 

successful commercialization and widespread adoption of this promising technology. 

1.3 Electron Transport Layers in PSCs 

1.3.1 Role and Importance 

Electron transport layers serve a crucial function within perovskite solar cells (PSCs) and 

directly influence their performance, stability, and efficiency [16]. ETLs are responsible 

for several key processes in PSCs, which are discussed in detail below: 

1.3.1.1 Efficient Charge Extraction  

The primary role of ETLs is to selectively collect and extract electrons generated in the 

perovskite layer upon light absorption [19]. By providing an energetically favorable 

pathway for electrons to flow, ETLs ensure that the charges are efficiently separated, 
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reducing the probability of recombination [24] with holes in the perovskite layer or at the 

perovskite/HTL interface. 

1.3.1.2 Charge Transport  

After extracting the electrons from the perovskite layer, ETLs are responsible for 

transporting them towards the cathode. High electron mobility and appropriate energy 

level alignment between the ETL and the perovskite layer are crucial factors in enabling 

rapid and efficient charge transport, minimizing resistive losses, and increasing overall 

device performance [25]. 

1.3.1.3 Recombination Suppression  

ETLs play a vital role in suppressing unwanted charge recombination events, which can 

significantly reduce the solar cell's efficiency. By selectively extracting and transporting 

electrons, ETLs help maintain charge separation and prevent recombination at the 

interfaces and within the transport layers [26]. 

1.3.1.4 Device Stability  

ETLs can contribute to the long-term stability of PSCs by acting as a barrier against 

moisture, oxygen, and other environmental factors that can degrade the perovskite layer 

[27]. In addition, the chemical compatibility between the ETL and the perovskite layer can 

influence the device's overall stability, as certain ETL materials might react with the 

perovskite or cause degradation. 

1.3.1.5 Interface Quality  

The quality of the interface between the ETL and the perovskite layer is crucial for 

efficient charge extraction and transport. Defects, impurities, or roughness at the interface 

can lead to charge trapping or recombination, negatively impacting the device 

performance [28]. ETL materials and deposition techniques should be carefully chosen to 

ensure high-quality interfaces. 

The choice of ETL material and optimization of its properties are critical factors in 

determining the overall efficiency, stability, and performance of PSCs. Consequently, the 

development and investigation of novel ETL materials, doping strategies, and fabrication 
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methods are essential for advancing PSC technology and bringing it closer to 

commercialization. 

1.3.2 Commonly Used ETL Materials 

Electron transport layers (ETLs) play a crucial role in perovskite solar cells (PSCs) by 

facilitating efficient charge extraction and transport. Among the various ETL materials, 

compact and mesoporous metal oxides, such as TiO2, SnO2, and ZnO, are commonly 

employed due to their desirable characteristics. In this section, we discuss the advantages 

and limitations of each ETL material. 

1.3.2.1 Titanium Dioxide (TiO2) 

Titanium dioxide (TiO2) is commonly recognized as an n-type semiconductor, with 

conductivity resulting from oxygen vacancies created during the production process. This 

material boasts several advantages, such as a sizable band gap (3.0-3.2 eV) [29], 

compatibility with the energy band of the perovskite layer, and ease of production. 

Additionally, TiO2 exhibits strong thermal and chemical stability while offering cost-

effective manufacturing [29]. 

However, to achieve crystallinity and high carrier mobility in TiO2, it must undergo high-

temperature sintering (>450 °C), which complicates fabrication techniques and limits the 

progress of flexible devices [30].  Due to the slow carrier migration rate and deep level 

defects in TiO2, electrons originating from the perovskite layer face difficulties in efficient 

transportation, leading to suboptimal device performance. Furthermore, TiO2 experiences 

low photon absorption [31]. 

1.3.2.2 Tin Dioxide (SnO2) 

Tin (IV) oxide (SnO2 has gained attention as an effective electron transport layer (ETL) 

due to its unique attributes, including high optical transparency (>85%) in the visible 

spectrum [32], affordability, low cost [32], superior electron mobility (24cm2/V.s) [33], 

photostability, low temperature processability, and appropriate band energy alignment [34] 

relative to the HOMO position of standard perovskites. In comparison to TiO2, SnO2 not 

only exhibits greater electron charge carrier mobility but also a broader optical band edge 
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(3.6-4.1 eV) [35], [36] is advantageous for the development of high-performance 

perovskite solar cells (PSCs).  

However, imperfections within the SnO2 crystal structure, such as tin interstitials and 

oxygen voids [37], typically hinder the enhancement of the Jsc in PSCs. SnO2 exhibits 

spontaneous aggregation, leading to pinholes or island-like structures, which contribute to 

poor thin film morphology [38]. 

1.3.2.3 Zinc Oxide (ZnO) 

Zinc oxide (ZnO), a broad bandgap material with exceptional electronic properties, is 

regarded as an ideal electron transport layer (ETL) material for perovskite solar cells 

(PSCs). ZnO holds a notable advantage over the commonly used titanium dioxide (TiO2) 

in terms of easily fabricating diverse nanostructures at low temperatures through solution-

based processes, while also enabling customization of their outstanding electrical and 

optical traits by adjusting their morphology and composition [39], [40]. 

However, ZnO typical conduction band minimum (CBM) of 4.4 eV is significantly lower 

than that of perovskite. This unfavorable band alignment, where the ETL's CBM is 

considerably lower than perovskite's, leads to increased interface recombination and 

consequently degrades the open-circuit voltage (Voc) [39], [40]. 

TiO2, SnO2, and ZnO are commonly used ETL materials in PSCs due to their favorable 

properties, such as high electron mobility, suitable energy levels, and chemical stability. 

However, each material also has its limitations, which must be carefully considered and 

addressed to optimize the performance and stability of PSCs. Further research and 

development of novel ETL materials and strategies are essential for advancing PSC 

technology and enabling its widespread commercialization. 

1.4 Doped Metal Oxide ETLs 

Doping is a widely employed strategy in materials science that involves the deliberate 

introduction of impurities, also known as dopants, into a host material. The primary aim 

of doping is to modify and optimize the host material's electrical, optical, or structural 

properties, leading to improved performance in specific applications. Employing doping 
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techniques has proven to be an effective method for refining the electronic and interfacial 

properties of ETL by inducing suitable alignment of energy levels [41]. As a result, this 

optimization process minimizes charge accumulation and recombination at the interface 

while simultaneously boosting electron extraction and hysteresis in PSCs [42]. 

1.4.1. Advantages of Doped Metal Oxide ETLs 

Doped metal oxide electron transport layers (ETLs) have garnered significant interest in 

perovskite solar cells (PSCs) research due to the numerous advantages they offer in terms 

of device performance and stability. By carefully selecting dopants and optimizing the 

doping process, it is possible to achieve significant improvements in PSC efficiency and 

long-term stability. In this section, we discuss the advantages of doped metal oxide ETLs 

in detail. 

1.4.1.1 Improved Electron Mobility 

Doping can increase the electron mobility of metal oxide ETLs by introducing additional 

free carriers (electrons) into the material. Higher electron mobility allows for more 

efficient charge extraction and transport, reducing resistive losses and improving the 

overall device performance. This is particularly beneficial for PSCs, as efficient charge 

transport is crucial for achieving high power conversion efficiencies. 

1.4.1.2 Reduced Charge Recombination 

Doped metal oxide ETLs can help suppress charge recombination by reducing the density 

of trap states and defects in the material. By passivating or eliminating these 

recombination centers, doped ETLs can maintain better charge separation and enhance the 

overall device efficiency. In addition, certain dopants can also modify the energy level 

alignment between the ETL and the perovskite layer, further reducing the likelihood of 

charge recombination at the interface. 

1.4.1.3 Enhanced Energy Level Alignment 

Optimal energy level alignment between the ETL and the perovskite layer is essential for 

efficient charge extraction and transport. Doping can modify the energy levels of metal 

oxide ETLs, allowing for better alignment with the perovskite layer and minimizing 
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recombination losses. This is particularly important for emerging perovskite materials 

with different bandgaps or energy level requirements, as conventional undoped ETLs may 

not provide the best energy level alignment for these systems. 

1.4.1.4 Better Interface Quality 

Doping can improve the interface quality between the ETL and the perovskite layer, which 

is crucial for efficient charge extraction and transport. By reducing defects, impurities, or 

roughness at the interface, doped metal oxide ETLs can minimize charge trapping or 

recombination and enhance device performance. In some cases, dopants can also promote 

better adhesion or compatibility between the ETL and the perovskite layer, further 

contributing to improved interface quality. 

1.4.1.5 Enhanced Stability 

Doped metal oxide ETLs can contribute to the long-term stability of PSCs by acting as a 

barrier against environmental factors such as moisture, oxygen, and UV radiation. The 

incorporation of dopants can modify the material's electronic and structural properties, 

leading to improved resistance against degradation mechanisms that can affect the 

perovskite layer. This is particularly important for the commercialization of PSCs, as long-

term stability is a critical requirement for practical applications. 

1.5 Problem Statement 

Currently, SnO2 is a widely used and researched ETL in perovskite solar cells. However, 

there are still some deficiencies in terms of carrier mobility, surface defects and 

degradation due to recombination which leads us to look out for other alternatives and test 

their compatibility with perovskite absorber layer. 

1.6 Proposal 

Elemental doping has evolved as a promising strategy to modulate the electronic and 

surface properties of SnO2. La (III), being a rare earth metal, possesses unfilled 4f 

electronic shell, which gives La (III) its exceptional optoelectronic characteristics. When 

Lanthanide (La) is integrated into ETL, it can influence ETL’s electrical, optical, and 

stability aspects. 
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1.7 Research Objectives 

 Fabrication of doped metal oxide-based electron transport layer for perovskite 

solar cells. 

 Optical and electrical properties, characterization, and morphological studies of 

the doped metal-oxide based ETLs. 

 Optimization and suitability of the prepared ETL for perovskite solar cells. 
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Summary 

This chapter provides an overview of perovskite solar cells (PSCs) and their electron 

transport layers (ETLs). The chapter begins with an introduction to the topic and then 

delves into the specifics of PSCs, including their structure and working principle, as well 

as their advantages and challenges. The role and importance of ETLs in PSCs are then 

discussed, along with the commonly used materials for ETLs. The chapter also explores 

doped metal oxide ETLs and the advantages they offer. Thin film deposition techniques 

are then covered in detail, including chemical bath deposition, spin coating, physical vapor 

deposition, atomic layer deposition (ALD), and the sol-gel process. The chapter concludes 

with a problem statement, proposal, and research objectives. Overall, the chapter provides 

a comprehensive overview of the important concepts related to PSCs and ETLs. 
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Chapter 02 

Literature Review 

The continued progression of perovskite solar cells as a promising technology for 

renewable energy generation relies on the optimization of their individual components. 

Among these, the electron transport layer plays a critical role in extracting and transporting 

photogenerated electrons, reducing recombination losses, and improving overall device 

performance. This review aims to provide a comprehensive understanding of the impact 

of most common ETL materials including TiO2, SnO2 and ZnO on PSC performance, with 

reference to key research articles. The review also presents a comprehensive literature 

review of different deposition techniques, and modification methods specifically applied 

for the development of SnO2 ETLs for PSCs, focusing on elemental doping, bulk 

modification, and surface modification. The review highlights the impact of these 

modifications on the performance of PSCs and provides insights into the underlying 

mechanism. A significant gap in the current understanding of modification of SnO2 has 

been identified which presents an opportunity for further exploration and understanding 

of SnO2 modification through La(III) doping and their potential impacts on ETL 

characteristics. 

2.1 Performance of Perovskite Solar Cells with Traditional ETLs 

2.1.1 TiO2 as ETL 

As discussed earlier in section 1.3.2, TiO2 is renowned for its exceptional electron mobility 

that ensures efficient electron transport from the perovskite layer to the electrode. Its 

bandgap is also well-aligned with the perovskite active layer, facilitating efficient electron-

hole separation. Furthermore, TiO2's robust chemical stability adds to the overall resilience 

of the PSC, and its environmental compatibility, owing to its non-toxic nature, makes it a 

preferred choice. 

Jeon and coworkers demonstrated that using solvent engineering to deposit a mesoporous 

TiO2 ETL can lead to an improved power conversion efficiency (PCE) of 16.2% in PSCs 

with almost no hysteresis [1]. By employing a vacuum flash-assisted solution process for 
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depositing a mesoporous TiO2 ETL, Li et al. achieved PCEs of up to 20.5% for PSCs with 

large active areas exceeding 1 cm2 with excellent reproducibility [2]. 

2.1.2 ZnO as ETL 

ZnO also has properties conducive to efficient PSC performance. It possesses an excellent 

electron transport capacity and can be easily synthesized using various methods. Its wide 

bandgap and suitable conduction band level align well with perovskite materials, enabling 

efficient charge extraction and reduction in recombination losses. Additionally, the ability 

of ZnO to enhance light harvesting due to its scattering effect is a beneficial trait for PSCs. 

Hu et al. demonstrated the effectiveness of sequential deposition of CH3NH3PbI3 on planar 

ZnO as an ETL, achieving a PCE of 14.53% in PSCs. The devices demonstrated enhanced 

stability for over 20 days under ambient conditions [3]. Zhang et al. used a room-

temperature solution process to develop a pinhole-free, surface-nanostructured ZnO ETL 

for flexible PSCs, achieving a PCE of 13.75% with good stability and reproducibility and 

reduced hysteresis [4]. Jia and team focused on interface engineering of the ZnO ETL in 

PSCs, which resulted in a PCE of >20% with improved growth of perovskite layer over 

ZnO ETL [5]. 

2.2 Performance of Perovskite Solar Cells with SnO2 

Tin dioxide has emerged as a popular choice for ETL in PSCs due to its favorable 

properties, such as wide bandgap, high electron mobility, and excellent chemical stability. 

Ke et al. demonstrated the effectiveness of low-temperature solution-processed SnO2 as 

an alternative ETL in PSCs, achieving a PCE of 16.2% with excellent electron mobilities 

[6]. By utilizing SnO2 as the ETL in a planar PSC, Jiang et al. achieved an impressive PCE 

of ~20% for a FAI-based perovskite solar cell [7]. The device had reduced charge 

accumulation at ETL/ Perovskite interface. Wang et al. and co-authors employed low-

temperature (<100o C) plasma-enhanced atomic layer deposition to create SnO2 ETLs, 

achieving a high PCE of 18% in planar PSCs [8]. 

The performance of SnO2-based ETLs can be further enhanced by employing various 

modification strategies. This section offers an extensive analysis of various deposition 
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approaches and modification techniques employed for SnO2 ETLs in PSCs, with a 

particular emphasis on elemental doping, bulk alteration, and surface modification. 

2.3 Effective Deposition Techniques and Surface Modification 

Approaches for ETLs 

2.3.1 Deposition Techniques 

The performance of SnO2-based ETLs in PSCs is highly influenced by their 

morphological, structural, and electrical properties. These properties can be tailored by 

employing different deposition techniques during the fabrication process. This section 

provides an extensive review of various deposition methods that researchers have used to 

deposit SnO2 thin films, along with their impact on the overall performance of PSCs. 

2.3.1.1 Sol-Gel Process 

The sol-gel process is a solution-based deposition technique that involves the formation 

of a colloidal suspension (sol), followed by gelation, aging, and drying to form a solid gel 

film. This film can then be heat-treated to convert it into the desired metal oxide ETL 

material. The sol-gel process offers good control over film thickness and morphology, as 

well as compatibility with low-temperature processing [9]. 

 

Figure 2.1. Sequential illustration of sol-gel process for deposition of thin films [10] 

Numerous studies have been conducted on the synthesis and optimization of SnO2 as an 

electron transport layer (ETL) in perovskite solar cells (PSCs). In 2015, Ma et al. prepared 

a SnO2 organic solution using SnCl2·2H2O dissolved in ethyl alcohol, resulting in a PCE 

of 7.43% [11]. Yan et al. studied the effect of annealing temperatures on SnCl2-based sol-

gel and reported that low-temperature SnO2 showed better performance than high-

temperature SnO2 [12]. They optimized the SnO2 ETL using SnCl2·2H2O in ethanol, 
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achieving a PCE of 17.21%. In 2018, Jen et al. synthesized SnO2 nanocrystals through a 

hydrothermal method and obtained a PCE of 18.80% [13]. In a similar approach, Jiu et al. 

(2016) enhanced the PCE from 13.2% to 19.7% in an inverted structure by incorporating 

SnO2 nanoparticles into PC61BM [14]. In 2017, Wang et al. proposed a low-temperature 

(below 80oC) method to synthesize SnO2 nanocrystals [15]. Jiang et al. in 2016, achieved 

a PCE of 19.90% using a commercially available SnO2 colloid precursor and further 

improved the efficiency to 21.6% by optimizing the PbI2 passivation layer [16][17]. In 

2019, Tan et al. combined KCl with SnO2 nanoparticles and obtained an efficiency PCE 

of 22.2% by passivating the ETL/perovskite interface trap centers. These studies highlight 

the significance of SnO2 optimization in achieving high-performance PSCs [18]. 

2.3.1.2 Chemical Bath Deposition 

Chemical bath deposition (CBD) is a low-cost, simple, and versatile technique used for 

depositing thin films of various materials onto substrates at very low temperature (>100C) 

[9]. This method is particularly suitable for depositing semiconductors, insulators, and 

metal oxides. The process involves immersing a substrate into an aqueous solution 

containing metal ions and appropriate complexing agents, which results in a controlled 

chemical reaction that precipitates the desired material onto the substrate surface. 

 

Figure 2.2. Thin film deposition by chemical bath deposition [19] 

The deposition process is typically driven by factors such as pH, temperature, 

concentration of reactants, and reaction time. By carefully controlling these parameters, 
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the properties of the deposited thin film, such as thickness, uniformity, composition, and 

crystallinity, can be tailored to meet specific requirements. CBD is widely used in various 

applications, including solar cells, sensors, and optoelectronic devices, due to its low cost, 

scalability, and ability to produce high-quality thin films at relatively low temperatures. 

CBD is a method of depositing thin films by immersing a substrate in a solution containing 

the precursor of the desired material, allowing the film to form through a chemical 

reaction. Hagfeldt et al. used CBD in combination with spin coating to deposit a bilayer 

of SnO2 ETLs, which resulted in an impressive efficiency of 21% [14]. Later, Snaith et al. 

adopted the same approach for their wide-bandgap PSCs, which yielded a PCE of 17% 

[20]. Zhong and his team also used CBD to prepare compact SnO2 ETLs, which led to a 

high PCE output of 20.56% in a small area and 15.76% in a 6x6 cm2 submodule [21]. 

Moreover, they successfully demonstrated the potential of large-area deposition using 

CBD by reporting a 10x10 cm2 module with a PCE of 17.82% [22]. In addition, doped 

SnO2 ETLs were also achieved using CBD by dissolving chemicals into the bath solution. 

Anaraki et al. reported the successful deposition of Nb-doped SnO2 ETLs by CBD, which 

resulted in a champion PCE of 20.5% [23]. Furthermore, Zhan et al. developed Ta-doped 

SnO2 ETLs using CBD, which achieved a PCE of 20.80% [24]. These findings 

demonstrate the potential of CBD as a reliable and cost-effective technique for the 

deposition of high-quality ETLs in PSCs, with the added advantage of being scalable to 

large-area devices. 

2.3.1.3 Atomic Layer Deposition 

ALD is a vapor-phase deposition technique that involves the sequential exposure of a 

substrate to gas-phase precursors, resulting in the deposition of a monolayer of material in 

each cycle. ALD offers excellent control over film thickness (in angstrom) and 

composition, as well as superior conformality, making it particularly suitable for 

depositing ultrathin and pinhole-free metal oxide ETLs [25]. 

Atomic Layer Deposition (ALD) is a thin film deposition technique that has been 

extensively used for the development of efficient and stable Perovskite Solar Cells (PSCs). 

One study by Baena et al. (2015) successfully deposited a 15 nm-thick layer of SnO2 ETL 
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in PSCs using a low-temperature ALD process at around 120°C, resulting in a high PCE 

of 18.4% with a record high open-circuit voltage (Voc) of 1.19 V [27]. 

 

Figure 2.3. Atomic layer deposition cycle for thin film deposition [26] 

ALD has also been utilized to deposit other ETL materials, such as ZnO, TiO2, and Al2O3, 

which have shown improved device performance and stability. In a study by Wang et al. 

(2016), a highly uniform and conformal SnO2 ETL layer was deposited on a perovskite 

absorber using PEALD, leading to improved PCE and device stability [28]. Subsequently 

in 2019, Wang et al. employed PEALD to deposit a SnO2 ETL layer, which resulted in a 

high PCE of 20.3% and enhanced device stability [29]. These studies suggest the potential 

of ALD in producing high-performance and stable PSCs with improved uniformity and 

reproducibility.  

2.3.1.4 Physical Vapor Deposition 

Sputtering is one of the physical vapor depositions (PVD) techniques that involves the 

ejection of material from a target by bombarding it with high-energy particles, such as ions 

or electrons. The ejected material then condenses onto a nearby substrate, forming a high 

quality conductive thin film. Sputtering can be used to deposit a wide range of metal oxide 

ETL materials, such as TiO2, SnO2, and ZnO, with precise control over film thickness and 

composition [9]. 

In recent times, sputtered tin dioxide (SnO2) has gained attention as an effective electron 

transport layer (ETL) material in perovskite solar cells (PSCs). A 2019 study by Qi and 

associates showcased high-quality SnO2 films produced via room temperature sputtering, 

employing argon and oxygen gases. Creating an extremely oxidizing environment was 
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crucial for developing high-quality SnO2 films, leading to PSCs with sputtered SnO2 

exhibiting an impressive power conversion efficiency (PCE) of 20.2% [31]. Similarly, 

Bai's team constructed a PSC submodule using magnetron sputtered SnO2, achieving a 

PCE of 14.71% [32]. 

 

Figure 2.4. Sputtering Technique for thin film deposition [30] 

Although evaporation is a prevalent physical vapor deposition (PVD) technique for thin 

film creation, its use with SnO2 as an ETL in PSCs is less common. In 2020, Shi's group 

presented PSCs using e-beam evaporated SnO2 ETL combined with a cesium-containing 

perovskite absorber, attaining a PCE of up to 18.2% [33]. Wang's research in 2021 also 

described a vacuum thermal evaporated SnO2 as ETL, necessitating post-annealing to 

enhance the crystallinity of the evaporated SnO2 and reach a PCE of 16.79% [34]. 

Additionally, Wang’s team, in 2021, applied pulsed laser deposition (PLD) for depositing 

SnO2 at room temperature without any post-annealing procedure. The resulting PSCs 

exhibited hysteresis-free PCEs of 17.29% and 14.0% on rigid and flexible substrates, 

respectively [35]. 

2.3.1.5 Spin Coating 

Spin coating is a widely used technique for depositing thin films of metal oxides and 

organic materials at low cost. It involves the deposition of a liquid precursor or solution 

onto a substrate, followed by rapid spinning to spread the material evenly across the 
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surface. The spinning process also helps evaporate the solvent, leaving behind a thin and 

uniform film [36].  

 

Figure 2.5. Sequential spin coating technique [37] 

Gnachev et al. (2020) demonstrated the efficiency of the spin-coating technique in 

achieving uniform and compact SnO2 films. The study found that the spin speed, solution 

concentration, and post-treatment significantly affect the film's morphological and optical 

properties, thereby influencing the device performance and yielding PCE up to 21% [38]. 

Furthermore, the study by Hoang et al.  focused on the post-spin-coating treatment, 

specifically annealing, of the Ni: SnO2 film. They reported that annealing at the 

appropriate temperature resulted in improved electron mobility and reduced defect density 

and improved particle size 3-5 nm, which contributed to an overall increase in device 

performance [39]. A study by park et al. (2023) highlighted the characteristics of spin 

coated SnO2 for PSCs which demonstrated improved wettability along with well aligned 

energy band with perovskite [40]. 

2.3.2 Modification of SnO2 ETL 

SnO2 as an electron transport layer (ETL) in perovskite solar cells (PSCs) can be modified 

in various ways to improve its properties and enhance the performance of the solar cells. 

Some of the modification techniques include elemental doping, bulk blending, and surface 

modification. 
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2.3.2.1 Elemental doping 

SnO2 can be modified by adding small amounts of other elements, such as fluorine, 

indium, antimony, or zinc, into the SnO2 lattice during synthesis. The added elements can 

modify the electronic properties of SnO2, such as its bandgap, work function, and charge 

carrier concentration. For example, adding fluorine can increase the electron 

concentration, while adding indium or antimony can increase the electron mobility. This 

can improve the efficiency of charge transfer between the perovskite layer and the ETL, 

leading to higher device performance. 

a) P type doping 

In the process of p-type doping, lower-valence cations such as Li+, Mg2+, Ru2+, Zn2+, Co3+, 

Ga3+, and Eu3+ are used to replace the tetravalent tin (Sn) sites. This type of doping in n-

type semiconductors is known as compensatory doping, which diminishes the electron 

concentration within the conduction band (CB) of the semiconductor, subsequently 

decreasing the film's conductivity. However, for applications in perovskite solar cells 

(PSCs), an appropriately reduced electron concentration in the CB can effectively mitigate 

charge recombination. Introducing p-type dopants into SnO2 ETL can enhance its 

electrical properties and shift the fermi level downwards, thereby boosting the overall 

efficiency of PSCs. For instance, Zhou et al. (2019) investigated the impact of gallium 

(Ga3+) doping on SnO2 ETL and found that it significantly improved the PCE of PSCs due 

to reduced charge recombination and enhanced charge extraction with a PCE of 18.18% 

[41]. Likewise, Mazumder et al. (2012) reported the enhancement of PCE in PSCs by 

incorporating magnesium (Mg+2) as a p-type dopant into SnO2 ETL through sol-gel, 

resulting in improved optoelectronic properties and reduced hysteresis with downward 

shift of fermi level [42]. 

Additionally, Zhou et al. (2020) demonstrated the effectiveness of incorporating copper 

(Cu2+) dopants in SnO2 ETL, leading to increased PCE (>21%) due to better carrier 

mobility, better energy band alignment and reduced charge recombination [43]. These 

findings suggest that the modification of SnO2 ETL through p-type elemental doping holds 

great potential in optimizing the performance of PSCs. Further research in the realm of p-

type elemental doping in SnO2 ETL has been conducted by various groups. For example, 
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Chen et al. (2017) explored the effect of aluminum (Al3+) doping on SnO2 ETL and 

discovered enhanced PCE (~12.01%) and Voc (1.03V) in PSCs due to improved charge 

extraction and reduced recombination [44]. In another study, Park et al. (2022) reported 

significant improvements in the performance of PSCs by introducing rubidium (Ru2+) 

dopants into SnO2 ETL, which led to better carrier mobility and reduced trap densities, 

reduced defect densities and morphological characteristics with a remarkable PCE of 22% 

[45]. Additionally, Kim et al. (2016) investigated the impact of lithium (Li+) doping on 

SnO2 ETL and observed improvements in PCE of flexible PSCs reaching 18.2% [40], 

mainly attributed to the enhanced electron transport properties due to the shifted fermi 

level. Finally, Zhang et al. (2019) demonstrated the benefits of introducing yttrium (Y3+) 

dopants into SnO2 ETL through solvothermal route, resulting in PSCs with improved 

charge extraction and PCE of 20.71% with minor hysteresis [46]. These studies showcase 

the potential of p-type elemental doping in SnO2 ETL as a viable approach to optimize 

PSC performance. 

b) N-type Doping 

The replacement of tetravalent Sn sites with cations that possess higher valence states, like 

Ta5+, Mo5+, Sb5+, and Nb5+, can lead to n-type doping. This process results in an increase 

in electron concentration in the SnO2 film, which can enhance electron transport and shift 

the Fermi level upwards. For example, Tantalum (Ta5+) doped SnO2 ETLs were shown to 

exhibit increased electron mobility and reduced series resistance, leading to a boosted PCE 

of 20.8% in comparison to pristine SnO2-based PSCs (18.5%) [47]. Similarly, Anaraki et 

al. demonstrated CBD deposited Nb-doped SnO2 ETLs with improved electron transport 

and reduced charge recombination, resulting in stabilized PCEs of up to 20.1%, 

significantly higher than that of undoped SnO2 [48]. Furthermore, in 2019 Mo-doped SnO2 

ETLs have been reported by Bahadur et al. to provide enhanced electron extraction and 

reduced trap states with a shifted fermi level, contributing to a notable increase in PCE 

(10.52%) compared to pristine SnO2 ETL-based devices (8.5%) [49]. Sb-doped SnO2 

ETLs have been studied for their ability to improve the overall performance of PSCs. Kim 

et al. (2011) reported that Sb-doped SnO2 ETLs led to an enhanced electron extraction and 

transport, as well as a reduced recombination rate, which consequently increased the PCE 

of PSCs [50]. Moreover, the stability of the PSCs was also improved with the 
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incorporation of Sb dopants. In 2022 F-doped SnO2 ETLs have been reported by Luo et 

al. to provide enhanced electron extraction and reduced trap states with a shifted fermi 

level, lower defect densities, better energy level alignment contributing to a notable 

increase in PCE (22.12%), maintaining up to 80% stability against moisture [51]. These 

studies highlight the promising role of n-type elemental doping in SnO2 ETLs for 

optimizing the overall performance of PSCs. The improved device performance achieved 

through elemental doping underscores the importance of further research into the 

development of advanced ETLs and PSCs with higher efficiency and stability. 

2.3.2.2 Bulk Blending  

SnO2 can be modified by blending it with other carbon-based materials or organic 

molecules. This can improve the overall properties of the ETL, such as charge transport 

and conductivity. 

a) Bulk blending with carbon materials 

Various strategies to improve the performance and stability of perovskite solar cells by 

modifying tin dioxide (SnO2) electron transport layers through bulk blending. Efficient 

ETLs are essential for promoting carrier separation, electron extraction, and influencing 

the nucleation and growth of perovskite layers in PSCs. In one study (Gao et al., 2021) 

crystalline polymeric carbon nitrides (cPCN) were introduced to regulate the electronic 

properties of SnO2 nanocrystals, resulting in SnO2-cPCN composited ETLs with enhanced 

charge transport and perovskite layers with decreased grain boundaries. This approach led 

to a power conversion efficiency (PCE) of 23.17%, with higher stability compared to 

pristine SnO2 devices [52]. Zhang et al. in 2020 incorporated graphdiyne (GDY) into the 

SnO2 ETL to optimize electron extraction rates and interface engineering. This 

modification resulted in a high-quality perovskite film with diminished grain boundaries 

and lower defect density, as well as interfacial passivation of Pb-I anti-site defects [53]. 

Xie et al. in 2017 involved treating SnO2 films with a small amount of graphene quantum 

dots (GQDs) to improve the electronic properties of SnO2. The improved conductivity of 

SnO2 in this strategy led to enhanced electron extraction efficiency and reduced 

recombination at the ETL/perovskite interface. Devices fabricated with SnO2:GQDs 

achieved an average PCE of 19.2 ± 1.0% [54]. SnO2/graphitic carbon nitride (g-C3N4) 



29 
 

quantum dot nanocomposite was designed as the functional ETL to enhance interfacial 

charge dynamics and improve PSC performance. This hybrid ETL resulted in a maximum 

PCE of 22.13% with negligible hysteresis and long-term stability [55]. A hybrid ETL of 

SnO2 and carbon nanotubes (CNTs) was fabricated through thermal decomposition. The 

addition of CNTs improved the conductivity and reduced the trap-state density of SnO2 

films, leading to a hysteresis-free PSC with a high efficiency of 20.33% [56]. 

b) Bulk blending with organic molecules 

The table below shows various photovoltaic parameters for PSCs employing organic 

molecules bulk blended with SnO2. 

Table 1 Bulk blended SnO2 using organic molecules 

Modifier 
Jsc 

(mA/cm2) 
Voc (V) FF PCE % Ref. 

Polyethylene glycol 23.12 1.1 0.75 19.71 [57] 

2,2,2-Trifluoroethanol 22.62 1.09 0.77 19.2 [58] 

Ethylene diamine tetraacitic acid 

(EDTA) 

22.92 1.08 0.76 18.7 [59] 

Polyethyleneimine (PEIE) 22.79 1.1 0.75 18.9 [60] 

P-amino benzene sulfonic acid 

(ABSA) 

22.39 1.1 0.73 18.02 [61] 

Choline- chlorine 22.26 1.07 0.73 16.83 [62] 

 

2.3.2.3 Surface Modification 

SnO2 can also be modified by treating its surface with various functional groups including 

carbon-based materials, organic molecules or metal oxides. This can improve its surface 

properties, such as wettability, charge extraction, and electron injection. 

a) Surface modification with carbon materials 

Researchers have explored different strategies to enhance the performance and stability of 

perovskite solar cells by modifying tin dioxide (SnO2) electron transport layers (ETLs) 

through surface modification with carbon materials. 
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Table 2 Surface Modified SnO2 using carbon materials. 

Modification Key benefits PCE % FF Ref. 

Phenyl-C61-butyric acid methyl 

ester (PCBM) and [6,6]-

Phenyl-C61-butyric acid 

(PCBA) 

Reduced defects, enhanced 

electron mobility 

18.8 0.74 [63] 

Fulleropyrrolidine dimers Superior stability, efficiency 

improvements 

22.3 0.71 [64] 

C9 fullerene derivative Enhanced carrier extraction, 

improved film quality 

21.3 0.78 [65] 

C60 pyrrolidine tris-acid 

(CPTA)-modified SnO2 ETL 

and 6,6-Phenyl C61-butyric acid 

methyl ester (PC61BM) 

Enhanced electron injection, 

reduced recombination 

>19.0 0.82 [66] 

C60 pyrrolidine tris-acid 

(CPTA) 

High efficiency in Sn-based 

PSCs 

7.4 0.79 [67] 

CPTA modified SnO2 on 

polyethylene naphthalate 

Improved carrier selectivity, 

flexible PSCs 

18.36 0.67 [68] 

 

b) Surface modification using organic molecules 

In recent years, numerous studies have been conducted to improve the power conversion 

efficiency (PCE) and stability of perovskite solar cells through interfacial engineering. 

One such study by Smith et al. (2022) focused on using guanidinium (GA) chloride to 

modify the surface of tin dioxide (SnO2) nanoparticles, commonly employed as an 

electron transfer material in PSCs [69]. The researchers found that GA modification 

effectively reduced the energy barrier at the SnO2/perovskite interface, resulting in an 

increased PCE from 15.33% to 18.46% and a maximum fill factor of 80%. The strong 

coupling between GA and adsorbed oxygen species was identified as the primary factor 

responsible for this performance enhancement. In a similar vein, Johnson et al. recently 

utilized a dopamine (DA) self-assembled monolayer (SAM) to modify the 

SnO2/perovskite interface in organic-inorganic PSCs [70]. This approach improved the 
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PCE from 14.05% to 16.65% by enhancing the quality of perovskite films, resulting in 

better carrier transport and reduced charge recombination. These findings suggest that DA 

SAM modification holds a promise for producing more efficient and stable PSCs. An 

innovative study by Lee et al. explored the use of creatine, as a cathode interfacial layer 

on the SnO2 layer in PSCs [71]. This naturally occurring compound, often consumed by 

athletes for energy, strengthened charge extraction by forming interface dipoles and 

reducing the work function. Furthermore, it passivated defects in the perovskite layer, 

contributing to a significant increase in PCE. Triple cation-based perovskite devices 

achieved the highest PCE of 20.8% and retained 90% of it after 50 days, while 

formamidinium-based perovskite devices reached 22.1% PCE. This innovative 

application of creatine highlights its potential as an interfacial layer in PSCs and suggests 

that other essential amino acids may also be explored for similar purposes. 

c) Surface modification by metal oxides 

Metallic oxides such as titanium dioxide (TiO2), zinc oxide (ZnO), tungsten oxide (WOx), 

indium oxide (In2O3), and lead oxide (PbO) possess distinct characteristics that make them 

ideal candidates for electron transport layer (ETL) applications in perovskite solar cells 

(PSCs) alongside tin oxide (SnO2). The integration of SnO2 with various metal oxides can 

be beneficial in customizing the ETL's surface structure, establishing graduated energy 

levels, and/or fine-tuning the interfacial contact. This can result in enhanced solar cell 

performance. A synopsis of the photovoltaic efficiency of representative PSCs utilizing 

metal oxide modified SnO2 as the ETL is provided in Table below. 

Table 3 Device parameters for Metal oxide modified SnO2. 

Structure of ETL Jsc (mA/cm2) Voc (V) FF PCE % Ref. 

SnO2/ MgO 21.3 1.10 0.64 15.2 [72] 

SnO2/ TiO2 18.4 0.65 0.52 6.2 [73] 

SnO2/ ZnO 14.7 1.06 0.75 11.9 [74] 

SnO2/ Eu: WOx 23.3 1.71 0.73 19.03 [75] 

In2O3/ SnO2 24.2 1.13 0.78 21.42 [76] 

SnO2/ PbO 20.9 1.11 0.72 16.91 [77] 

MgO/ SnO2 21.6 1.07 0.71 16.11 [78] 

 



32 
 

Rare earth metals are considered good doping candidates as they possess unfilled 4f 

electronic shell [79], [80], which gives La its exceptional optoelectronic characteristics. 

When Lanthanide (La) is integrated into ETL, it can influence ETL’s electrical, optical 

and stability aspects [79]. Despite the growing interest in perovskite solar cells (PSCs), 

research on lanthanum-doped tin oxide (La:SnO2) ETLs in conjunction with cesium-doped 

methylammonium lead iodide absorber layer (CsxMA1-xPbI3) remains limited, particularly 

under ambient conditions.  

In this investigation, we explore various factors that influence the properties of tin dioxide 

(SnO2) by incorporating La (III) for use as an electron transport layer in PSCs. Our 

findings demonstrate that the introduction of lanthanum improves SnO2 thin film 

crystallinity during the annealing process. Lanthanum-doped films exhibit superior 

characteristics compared to undoped SnO2, such as increased average transmittance and 

conductivity at ETL-perovskite contact. The incorporation of lanthanum facilitates 

injection and transfer of charges at the interface. Moreover, the perovskite layer deposited 

on the lanthanum doped SnO2 (La:SnO2) demonstrates reduced grain boundary density, 

larger grain sizes, and enhanced hydrophobicity, which contribute to an improved fill 

factor (FF) and increased device stability under ambient conditions. As a result, La:SnO2 

ETLs show great potential for integration into planar PSCs, offering superior light-soaking 

capabilities. 
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Summary 

In summary, this chapter provided an extensive review of various deposition techniques 

and modification methods employed for SnO2 ETLs in PSCs, with a focus on elemental 

doping (P-type and N-type), bulk blending and surface modification, carbon materials, 

organic molecule incorporation, and metal oxide modification. By examining the effects 

of these modifications on PSC performance and the underlying mechanisms, the review 

sheds light on the potential for further optimization of SnO2-based ETLs. The discussion 

encompassed different strategies and materials used in each modification method, 

highlighting their respective advantages, limitations, and impacts on device performance. 

The chapter also provides an insight into the research gap and the steps taken towards the 

understanding of La(III) doped SnO2. 
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Chapter 03 

Introduction to Deposition and 

Characterization Techniques 
This chapter underlines an introduction of the thin film deposition and characterization 

techniques used to study optoelectronic properties of the ETL and perovskite films. Further, 

it also describes the working principle of these techniques. 

3.1 Deposition Process 

3.1.1 Spin coating 

Spin coating (SC) is a low-cost wet thin film coating technique which utilizes liquid-based 

solution precursors and disperse them uniformly on the substrates to obtain wet thin films. 

Usually, SC is used to achieve very thin film thickness usually in the regime of nanoscale 

[1]. Moreover, the easy processing and competitive cost make this technique more feasible 

research and laboratory scale level. 

The Spin Coating working mechanism is classified into four steps, i.e., i) Deposition ii) 

Spin up, iii) Spin off and iv) Evaporation. In step-I, the precursors are dropped onto the 

flat substrate at low spin speed to disperse solution precursors under the influence of the 

centrifugal force. In step-II, the spin speed is raised to the desired spinning speed.  

 

Figure 3.1. Image of spin coater instrument and schematic diagram of working mechanism 

At this stage, the precursor or fluid on the substrate may be spinning at a different speed 

than the substrate itself. Then, in step-III, the extra fluid swung off from the substrate and 
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the wet film start changing its color indicating that the drying process of the thin film has 

started. Finally, in step-IV, the fluid speed and the substrate speech are matched which 

results in the thinning of the film because of the evaporation of the solvent as shown in 

Figure 3.1[2]. Spinning speed and ramping rate of the SC process play significant role to 

modulate thickness of the film. 

3.1.2 Glove Box 

Gloveboxes or commonly known as laboratory gloveboxes are mainly used to store 

ambient environment sensitive materials or perform sensitive fabrication processes which 

are difficult to be carried out in normal conditions. Actually, these devices create a closed 

environment which primarily a sealed and stable environment to protect sensitive material 

that can react with the air [3]. Normally, an artificial inert environment is created in 

gloveboxes using nitrogen or argon as an inert gas. 

 

Figure 3.2. Image of humidity-controlled glovebox 

A glovebox system consists of moisture (water) and oxygen sensors which show the levels 

of inside the glovebox. Moreover, it also comprises a heavy vacuum pump which is used 

to evacuate the glovebox chambers and to create an inert environment by purging nitrogen 

or argon gas. 

3.1.3 Plasma Cleaning 

Plasma cleaning is a surface cleaning process which is used to remove very small 

organic/inorganic particles, oil etc. from the surface of the substrate just prior to the 
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deposition of thin films. Normally substrates surfaces contain dust particles or organic 

residues which make these surfaces hydrophobic making it difficult to spin coat solution 

processable thin films. As a results, these surfaces are not covered completely during the 

deposition process. To counter this, a cleaning technique, known as plasma cleaning, is 

used to make the substrate surface more hydrophilic for the deposition of the thin films. 

Glass substrates, fluorine doped tin oxide (FTO) or indium doped tin oxide (ITO), are 

placed inside the plasma cleaner to remove small residual particles from the glass substrate 

surfaces. Then, the chamber is closed, and vacuum pump is turned on to completely 

evacuate the air present inside to create a vacuum. Afterwards, a mixture of oxygen and 

argon is injected inside the chamber to create a purple color plasma for the removal of any 

contamination present on the surface of the ITO glass substrates. Normally, 10-20 minutes 

of the plasma treatment is suggested before the deposition of the thin films. 

 

Figure 3.3. Image of plasma cleaner instrument 

3.2 Characterization Techniques 

3.2.1 UV-Vis-NIR Spectroscopy 

UV-Vis-NIR spectroscopy is an analytical tool which is used to study light spectrum 

response (absorbance, transmittance, and reflectance) of liquids and solid samples. It has 

been frequently used to probe materials such as semiconductors, thin film coatings, glass 

etc. UV-Vis-NIR spectroscopy works on the principal of the Beer Lambart’s law which 
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states that the absorbance of a solution directly proportional to the concentration of the 

absorbing material present in the solution [4]. 

Beer Lambart’s law is stated by the following equation: 

 
𝐴 = 𝑙𝑜𝑔

𝐼𝑜

𝐼
=  𝜀𝑙𝑐 =  𝛼𝑙 Eq (1) 

 

Where ‘A’ represents optical density or absorbance, Io represents the incident light 

intensity, and ‘I’ represents transmitted light intensity, the molar extinction coefficient, ‘𝜀’, 

the concentration of a solution sample, ‘c’, and the absorption coefficient ‘α’. Moreover, 

the fraction 
𝐼𝑜

𝐼
 also represents transmittance. 

Generally, UV-Vis-NIR spectrophotometers are of two types known as single beam and 

double beam-based spectrophotometers. Single beam UV-Vis-NIR spectrophotometers 

are divided into four major components as shown in Figure 3.4. 

 Light source 

 Monochromator 

 Sample 

 Detector 

A continuous light beam is generated by light source enters into the monochromator 

chamber. Where the continuous light spectrum is split into discrete photons based on 

different wavelengths. Afterwards, the monochromatic light is directed on the sample 

where it is either absorbed, transmitted, or reflected back. Then, the response of the sample 

after interacting with the light beam is recorded by the designated detectors against the 

different wavelengths [5]. 
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Figure 3.4. Schematic diagram of UV-Vis-NIR spectrophotometer working mechanism [5] 

3.2.2 X-Ray Diffraction (XRD) 

X-Ray diffraction or XRD is a non-destructive analytical technique which is used to study 

the structural and crystallographic properties of the powdered and thin film-based samples. 

It is also used to analyze crystal structure crystallinity of the samples. Moreover, it can 

also be used to identify the sample’s crystalline phases, concentration profiles, film 

thickness and atomic patterns. 

In XRD, the collimated beam of X-rays that has wavelength in the range λ~ 0.5-2 Å is 

objected on a sample and then diffracted by the different crystalline phases as per relation 

the λ = 2dsinθ (Bragg’s law) where d is the interatomic spacing in the crystalline phase 

[6]. XRD diffractometers are composed of three main units: 

 X-Ray tube 

 Sample mounting stage 

 X-Ray detector 

X-Rays are generated inside the X-Ray tubes where an electron beam is produced by 

heating a filament. Then these electrons are accelerated by applying voltage and 
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bombarded on a target material. Afterwards, the electron beam that has sufficient energy 

dislodge the inner shell electrons of the target and as a result characteristic X-Rays are 

produced. Then these X-Rays are directed on the specimen at an angle of θ. Whereas an 

X-Ray detector is placed at angle of 2θ to record the diffracted X-Rays. The geometry of 

the diffractometer is such that the sample mounting stage is continuously rotating in the 

path of the collimated X-Ray beam. The instrument maintaining the angle and rotating the 

sample mounting stage is usually known as goniometer [7]. 

 

Figure 3.5. Schematic diagram of working mechanism of X-Ray Diffractometer [8] 

3.2.3 Scanning Electron Microscopy (SEM) 

A scanning electron microscopy is a non-destructive imaging technique used to analyze 

or record an image of a specimen under observation. It provides information about the 

sample surface texture, morphology, and chemical composition. It has been frequently 

used to study solid powder or thin films-based specimens. 

In the SEM, a focused electron beam is bombarded on to the specimen and raster scanned 

over a small rectangular area. When the focused beam of electrons interacts with 

specimen’s surface, various types of phenomena (emission of secondary electrons, photon 

emissions etc.) take place. This response can be efficiently recorded on a detector which 

ultimately forms an image based on the brightness of these electrons on traditionally used 

cathode ray tube. These images are just like the optical microscope images but with higher 
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magnification with a depth of a nanoscale regime [9]. Generally, SEMs consist of the 

following components: 

 Electron source gun 

 Electron lenses 

 Sample mounting stage 

 Detectors, for all types of electrons or signals 

 Display or output systems 

 

Figure 3.6. Working mechanism of SEM [10] 

3.2.4 Hall Effect Measurement System 

The Hall effect is used for the measurement of the electrical properties of a thin film. It 

gives information about charge carrier concentration, sheet resistance, resistivity, and the 

conductivity of the deposited thin film. It is recommended to prepare hall effect samples 

on simple glass slides to get an accurate estimate. Charge carriers participating in the flow 

of current are estimated by this characterization technique. 

The hall effect measurement system consists of a magnet, sensing circuit, and a sample 

placement holder respectively. The sample is placed in the holder with 4 pins that serve as 

contact points on the thin films. A defined amount of current is passed from the points and 

the magnetic field is applied through the magnet. Hall voltage is measured corresponding 

to the applied current and the magnetic field as shown in Figure 3.7. 
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Figure 3.7. Hall Effect Measurement System [11] 

The measure of the hall voltage at the point when a balance between the energy of 

electrons due to an electric and magnetic field is achieved is called the magnetic flux. The 

relation between the hall voltage and magnetic flux, in turn, gives information about all 

the other electrical parameters. Special software is used for these calculations that are often 

incorporated with the system [12]. Very small changes up to mA can be sensed with a hall 

effect system. Sample dimensions are very important for the accurate measurement of the 

deposited films. Samples should be prepared in equal square dimensions to collect the 

correct estimates of charge carriers present in the film. 

3.2.5 Contact Angle Measurement System 

Contact angle measurement is an analysis technique to analyze the 

hydrophobic/hydrophilic behavior of a thin film. It can also give estimates about the 

roughness of a film by analyzing the behavior of solutions on the surface when they meet 

the solid layer. This instrument measure the angle of contact between solid and liquid 

phases. Contact angle greater than 90⁰ means the deposited film shows a hydrophobic 

behavior [13]. 

The sample is placed on a moveable stage and a water drop of a predefined size in 

microliters is dropped on the surface of the substrate. A light source illuminates the sample 

and the applied droplet. A 60-fps camera placed on the opposite side records a predefined 

time-stamped video [14]. The brightness of the image can also be manually controlled by 

a manual dial on the equipment as shown in Figure 3.8. 
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Built-in software tools are then used to trace the boundaries of the droplet and the contact 

angle is calculated automatically. 

 

Figure 3.8. Contact angle measurement system working principle schematic [15]. 

3.2.6 Photoluminescence (PL) Spectroscopy 

Photoluminescence spectroscopy also known as PL is a non-contact method of analyzing 

materials by the interaction of light. It gives information related to bandgaps, 

recombination mechanisms, molecular structures, impurity and defect detection, and 

crystallinity. Samples can be used in the form of powder, film, or liquid [16]. 

It works when the light energy energizes a material to emit a photon. The light is made to 

fall on the subject material, and it gets absorbed causing photoexcitation in the material. 

The absorption of a high-energy beam of light causes a jump in the electronic state and a 

photon (energy) is released when it returns to the lower energy level. 
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Figure 3.9. Working principle of photoluminescence spectroscopy  [17]. 

This emission of photon or light is called luminescence hence the process of 

photoluminescence. The recorded emission peaks are further analyzed in built-in software. 
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Summary 

This chapter introduces various thin film deposition and characterization techniques for 

studying opto-electronic properties of ETL and perovskite films, including spin coating, 

glove boxes, plasma cleaning, UV-Vis-NIR spectroscopy, X-Ray Diffraction (XRD), 

Scanning Electron Microscopy (SEM), Hall Effect Measurement System, Contact Angle 

Measurement System, and Photoluminescence Spectroscopy (PL). These techniques are 

essential for creating uniform nanoscale films, protecting and handling sensitive materials, 

cleaning substrate surfaces, analyzing light spectrum response, determining structural and 

crystallographic properties, imaging specimens, measuring electrical properties, analyzing 

hydrophobic/hydrophilic behavior, and examining material interactions with light. 
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Chapter 04 

Experimental Work 
This chapter illustrates the experimental work performed to prepare the electron transport 

layer precursors, substrate preparation and the fabrication of the perovskite films. In 

addition, it also describes the parameters used to characterize these films. 

4.1 Materials 

Tin (II) Chloride Dihydrate (CAS No. 10025-69-1), La (III) Chloride Heptahydrate (CAS 

No. 10025-84-0) Methylammonium Iodide (CAS No. 14965-49-2), Lead (II) Iodide (CAS 

No. 10101-63-0), Cesium Bromide (CAS No. 7787-69-1), N, N Dimethylformamide 

(CAS No. 68–12-2), Dimethyl sulfoxide (CAS No. 67–68-5) and Florine-doped Tin Oxide 

(FTO) glass substrate (EC No. 242-159-0) were sourced from Sigma-Aldrich. All of these 

materials were used exactly as they were received, with no extra purification steps. 

4.2 Preparation Method of Electron Transport Layers 

0.1mol/L solution of SnO2.2H2O in absolute ethanol was prepared through refluxing at 

80 C for 3 hours. The solution was then aged for about 1 week. For lanthanide doping 

precursor, 0.1mol/L solution of LaCl3.7H2O in absolute ethanol was prepared. To prepare 

volume ratio La (III) doped solutions, 10μL, 20μL, 30μL of the La (III) doping precursor 

was added into 490μL, 480μL, 470μL of SnO2 precursor, yielding 2%, 4%, and 6% La: 

SnO2 solutions respectively. The precursor solutions were filtered through 0.22μm PTFE 

filters before use. The FTO substrates were cleaned through sonication in deionized water, 

2-propanol, acetone, and 2-propanol sequentially for 15 mins each. After sonication, the 

substrates were dried with nitrogen gun and plasma cleaned for 10 mins. The precursors 

were spin coated onto clean FTO for 30s at 2000 rpm and then annealed at 250 C for 3 

hours. 
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Figure 4.1. Schematic illustration of the deposition of ETL and perovskite layer on FTO glass substrate 

4.3 Preparation Method for Perovskite Layer 

Cs0.1MA0.9Pb(I0.9Br0.1)3 precursor mixture was formulated by combining 461 mg of lead 

iodide, 143 mg of methylammonium iodide, and 21 mg of cesium bromide in 1 ml of a 

solvent composed of DMF and DMSO with a 4:1 volume proportion. The blend was 

stirred at 70°C for a 12-hour period and then passed through a 0.22 µm PTFE filter. The 

resulting liquid was applied to the ETLs using a two-step spin coating, initially at 500 rpm 

for 3 seconds and then at 4000 rpm for 30 seconds. In the last 10 seconds of rotation, ethyl 

acetate was introduced as an antisolvent. Finally, the spin coated film was annealed at 

80°C for 40 minutes under standard atmospheric conditions. Figure 4.1 shows the 

sequential deposition of ETL and perovskite layer onto FTO substrate. 

4.4 Film Characterizations 

A range of characterization methods have been utilized to examine the film's structure and 

morphology, its composition, as well as its hydrophobic and hydrophilic traits, in addition 

to its optoelectronic properties. 
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4.4.1 X-Ray Diffraction (XRD) 

The structural characteristics and crystallite sizes of the films were investigated using X-

ray Diffraction (XRD) analysis on a Bruker D8 Advanced instrument, with a scan rate of 

1.25°/min and a 2θ range from 10° to 80°. Cu Kα radiation (λ = 1.542 Å) was employed 

with a 40 kV activation voltage and a 30-mA current. MDI's Jade 6.5 software was utilized 

for peak assessment and signal processing. 

4.4.2 Scanning Electron Microscopy (SEM) 

A Scanning Electron Microscope (SEM, JEOL Japan) was employed to study morphology 

of the films, with images captured at a 20.0 kV voltage. 

4.4.3 UV-Vis-NIR Spectroscopy  

ETL and perovskite films' optical properties were analyzed using a UV-3600 Plus 

Ultraviolet-Visible NIR Spectrophotometer with a 2.5 µm slit width. Measurements of 

transmittance and absorbance were conducted in the 250–1100 nm wavelength range. 

4.4.4 Hall Effect Measurement 

The ECOPIA HMS-3000, a sophisticated and versatile instrument, was employed to carry 

out Hall effect measurements in order to comprehensively assess the electrical properties 

of the electron transport layers. 

4.4.5 Contact Angle Measurement 

A VCA Optima device from ASTP was used for contact angle analysis under standard 

atmospheric conditions, using a 30 µL droplet of de-ionized water. 

4.4.6 Photoluminescence (PL) Analysis 

A steady-state photoluminescence (PL) spectra were obtained with a Horiba Scientific 

iHR320 spectrophotometer, employing an excitation wavelength of 450 nm. 
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Flow Chart 
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Summary 

This chapter details the experimental work conducted to prepare electron transport layer 

precursors, substrate preparation, and the fabrication of perovskite films. The materials 

used were sourced from Sigma-Aldrich and did not require additional purification. The 

chapter outlines the preparation methods for the electron transport layers, with various 

lanthanide doping levels, and the perovskite layer. The fabrication process involved spin 

coating and annealing. 

The films were characterized using a variety of techniques, including X-Ray Diffraction 

(XRD) to study structural characteristics, Scanning Electron Microscopy (SEM) for 

morphology analysis, UV-Vis-NIR Spectroscopy for optical properties assessment, Hall 

Effect Measurement for electrical properties evaluation, Contact Angle Measurement to 

determine hydrophobic and hydrophilic properties, and Photoluminescence (PL) Analysis 

to examine the films' light-emitting properties. 

 

  



62 
 

Chapter 5 

Results and Discussions 

The chapter on results and discussion sheds light on the study's findings and explains their 

importance in the context of the research objectives. Through the assessment of data 

procured from a range of characterization techniques, the diverse surface, structural, 

electrical, and optical attributes of the pure and doped electron transport thin films are 

thoroughly explored and discussed. 

5.1 Structural Analysis 

 

Figure 5.1. XRD spectra of the (a) FTO, SnO2, and doped ETLs (b) The shift in the plane (110) 

The XRD patterns of pure SnO2 and La-doped (2%, 4%, 6%) SnO2 films, grown on FTO, 

were analyzed to gain insights into their crystal structure. Thin films were annealed at 

250°C for 3 hours in an ambient environment. The results demonstrated that all the films 

displayed the rutile tetragonal structure of SnO2, with the most intense planes in the (110) 

and (200) orientations at 2θ positions of 26.6° and 37.9°. Additionally, less intense 

diffraction peaks were observed at 2θ positions of 33.8°, 51.7°, 61.8°, and 65.9°, 

corresponding to the hkl planes (101), (211), (310), and (301), respectively. These findings 

aligned with JCPDS-card no. 41-1445, associated with the space group P42/mnm. The 

absence of other secondary phases in the XRD pattern confirms that La(III) ions have been 

successfully incorporated into the SnO2 crystal lattice without disrupting the rutile 
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tetragonal lattice. Similar findings have been reported by Bouznit et al. [1], Sivakumar et 

al. [2], and Gao et al. [3]. 

The intensity of all the diffraction planes increased upon doping, suggesting improved 

SnO2 crystallinity due to the addition of trivalent La(III) impurity. Figure 5.1 b. 

demonstrates a slight shift for the (110) plane towards a lower angle as the doping 

concentration rises to 6%. This shift verifies the integration of La(III) ions into the 

tetragonal crystal lattice of SnO2 [1]. The shift in the plane can be ascribed to the growth 

of the crystal lattice and increased interplanar spacing in the lattice because of the 

difference in the ionic radii of parent ions Sn(IV) (0.69 Å) [4] and dopant ions La(III) 

(1.03 Å) [5]. The variation in d-spacing values; as tabulated in Table 4; results from the 

relatively larger size of La(III) ions compared to Sn(IV) ions, confirming the successful 

incorporation of La(III) into the SnO2 lattice [1], [4], [6]. 

Table 4. Multiple parameters for pristine and La-doped SnO2

 

In the present study, the average crystallite size (D) values corresponding to the primary 

peak of the (110) plane were measured for ETLs deposited on FTO substrates using the 

well-established Debye-Scherrer formula [7], The corresponding results are presented in 

Table 4. 

 
𝐷 =

0.9

𝑐𝑜𝑠
 Eq (2) 

Here, D, λ, β, and θ represent the average crystallite size, the wavelength of X-rays, the 

full width at half maximum (FWHM) in radians, and Bragg's angle, respectively. As 

indicated in Table 4 and Figure 5.2 a, the FWHM (β) for the (110) plane achieves its 

minimum value at 4% La doping, resulting in the largest crystallite size of 11.2 nm. When 

La content is increased beyond 4%, the crystallite size decreases to its minimum value. At 

Composition (hkl) 
FWHM 
(β)  

Center 
(2θ) 

Height 
Crystallite 

Size (D) 
(nm) 

d Spacing  
(Å)  

Dislocation 
density (δ) 

X10-3 lines/m2 

% Micro 
strain (ε) 

SnO2 110 1.68 26.67 114.65 5.06 3.339 39.00 43.34 
2% La: SnO2 110 1.21 26.59 181.38 7.03 3.349 20.25 33.90 
4% La: SnO2 110 0.76 26.61 196.32 11.20 3.346 7.98 20.84 
6% La: SnO2 110 2.73 26.57 148.90 3.13 3.351 102.33 77.78 
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6% La: SnO2, peak broadening occurs, the FWHM increases, and the overall crystallite 

size of the film is reduced. 

 

Figure 5.2. Trend of parameters of the (110) plane mentioned in Table 1 (a) Peak Position vs Crystallite Size, (b) 

Dislocation density vs Microstrain, (c) Crystallite size vs Microstrain 

Furthermore, the dislocation density (δ) and percent microstrain (ε) for the (110) plane 

was determined using the following equations [8]. 

 
𝛿 =

1

𝐷2
 

 

 

Eq (3) 

 
𝜀 =

𝛽 tan 𝜃

4
 Eq (4) 

The calculated values for the dislocation density and microstrain are provided in Table 4 

and presented in Figure 5.2. It is observed from Figure 5.2 b. that the dislocation density 

(x10-3 lines/m2) in the SnO2 lattice (39.0) is significantly reduced to (7.98) upon 

incorporating up to 4% La into the crystal lattice. However, the dislocation density, and 
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hence the crystal imperfections increase once again as the dopant concentration exceeds 

4%. The microstrain follows a similar trend, increasing at 6% La: SnO2. The rise in 

microstrain and dislocation density is ascribed to the difference in ionic radii between the 

parent tin (Sn) atom and dopant (La) atom, which induces substantial crystal imperfections 

as the dopant concentration surpasses 4%. Figure 5.2 c. demonstrates that the introduction 

of a La(III) into the SnO2 lattice increases the crystallite size and reduces the microstrain 

values. However, doping beyond 4% leads to a decreased crystallite size and a rise in 

lattice strains following previously reported similar trend. The improved crystallinity and 

reduced crystal imperfections in ETL are crucial for the uniform morphology and growth 

of deposited PAL [3], [4]. 

 

Figure 5.3. XRD spectra of Cs0.1MA0.9Pb(I0.9Br0.1)3 absorber layer deposited over pristine SnO2 and La:SnO2 

To probe the role of ETLs in perovskite films growth, XRD patterns of perovskite films 

deposited on different ETLs were acquired. Figure 5.3. presents the XRD results for the 

highly crystalline Cs0.1MA0.9Pb(I0.9Br0.1)3 PAL deposited onto various ETL with different 

compositions. All XRD patterns display sharp and intense diffraction peaks, indicating 

high crystallinity, irrespective of the underlying ETL compositions. The sharp peaks 

observed at 14.5°, 28.8°, and 32.3° correspond to the (110), (220), and (310) planes of 

Cs0.1MA0.9Pb(I0.9Br0.1)3 respectively [9], [10]. The weaker peaks can be assigned to the 

(112), (211), (202), (312), (224), and (314) planes, signifying highly crystalline perovskite 
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phase formation [9]. The perovskite structure remains unchanged upon deposition over 

the ETL, likely due to the consistent ETL morphology [11]. Cs+ helps in crystallization of 

perovskite at room temperature along with entirely dissolving and converting PbI2 into 

perovskite phase, which is indicated by the absence of the (001) plane for PbI2 at 12.6 

[12].  

5.2 Optical and Electrical Characteristics 

 

Figure 5.4. (a) Transmittance spectra of SnO2 and La:SnO2 ETLs, (b) Tauc plots for SnO2 and La:SnO2 ETLs 

Figure 5.4 a. demonstrates the transmittance spectra of SnO2 and La: SnO2, in the visible 

region 380-700 nm. The spectra exhibit an increase in transmittance levels upon doping, 

with values calculated as 82.6%, 83.9%, 84.2%, and 84.6% for La doping concentrations 

of 0%, 2%, 4%, and 6%, respectively. This observation is in accordance with the findings 

reported by Zhou X et al. [4] and P. Sakthivel et al. [13], which stated that doped SnO2 

possess superior transmittance as compared to pristine and hence reduced parasitic light 

absorption at ETL. The optical bandgap values were measured using Tauc’s plot among 

the absorption coefficient (αhν)n (where n=2 for direct optical transition) and photon 

energy (hν), as shown in Figure 5.4 b.  The bandgap values are 4.29 eV, 4.21 eV, 4.25 eV, 

and 4.27 eV for La doping concentrations of 0%, 2%, 4%, and 6%, respectively. An overall 

decrease in bandgap values was observed as dopant atoms were incorporated into the 

lattice [3], [14]. This is due to the reason that La doping reduced the bandwidth resulting 

in the downward shift of the fermi-level, confirming previously reported findings [3], [14], 

[15]. This results in an overall enhancement of charge extraction in doped ETLs and a 
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subsequently reduced recombination of charges at La:SnO2/perovskite contact compared 

to the pristine SnO2 [16]. 

 

Figure 5.5. Absorbance spectra of Cs0.1MA0.9Pb(I0.9Br0.1)3 over SnO2 and La:SnO2 ETLs 

The absorption characteristics of Cs0.1MA0.9Pb(I0.9Br0.1)3 absorber layer deposited on 

different substrates are presented in Figure 5.5. The results exhibited consistency with the 

transmittance spectra of the underlying ETLs. A notable enhancement in the light-

harvesting properties of the perovskite is evident when deposited on all ETLs, including 

SnO2, 2% La:SnO2, and 4% La:SnO2. We can attribute this higher absorption by perovskite 

layer to the improved transparency at ETLs and the development of a smooth absorber 

film with improved grain size over doped ETLs, as supported by SEM images [17]. Such 

enhanced absorption is crucial for superior device performance and higher current 

densities [18]. However, the absorption profile of perovskite deposited on 6% La:SnO2 

diminished, which is accredited to roughness of deposited perovskite film that results in 

more scattering of light [19]. 
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Table 5.  Electrical parameters of SnO2 and La:SnO2 ETLs 

ETL 

Composition 

Mobility 

(cm2·V-1·s-1) 

Carrier Conc. 

(x1021 cm-3) 

Resistivity 

(x10-5 

Ω·cm) 

Conductivity 

(x104 Ω·cm)-

1 

Sheet 

Resistance 

(Ω·cm-2) 

SnO2 1.22 4.12 5.96 1.67 1.19 

2% La:SnO2 1.94 5.74 5.58 1.78 1.11 

4% La:SnO2 2.53 9.51 5.36 1.86 1.07 

6% La: SnO2 1.49 7.31 5.72 1.74 1.14 

 

Hall effect measurements of pure and La-doped ETLs, including conductivity, resistivity, 

sheet resistance, mobility, and carrier concentration are tabulated in Table 5. Pure SnO2 

samples display the highest resistivity and sheet resistance values while these parameters 

decrease substantially as the doping concentration increases up to 4% and increase again 

as the dopant amount reaches 6%. The higher values of resistivity and sheet resistance in 

SnO2 and 6% La:SnO2 are because of smaller crystallite sizes [20]. Moreover, mobility 

and carrier concentration follow the same trend. Whereas conductivity increases from 

1.67x104 (Ω·cm)-1 to 1.86x104 (Ω·cm)-1 as it is inversely related to resistivity [21] and is 

maximum for 4% La:SnO2. The recombinations at the interface of the SnO2/ perovskite 

reduce significantly upon doping due to higher conductivity [16]. 

5.3 Morphology Study 

The scanning electron microscopy (SEM) images depicted in Figure 5.6 (a-d). displays 

the surface morphology of ETLs deposited on FTO and Figure 5.6 (e-h). reveal the 

characteristics of Cs0.1MA0.9Pb(I0.9Br0.1)3 PAL spin-coated onto various underlying ETLs.  

Figure 5.6. shows that the smooth and densely packed ETLs entirely cover the FTO 

surface, thereby enhancing the quality of the perovskite layers grown on the ETLs' surface. 

The surface morphology of the SnO2 ETL, grown on FTO Figure 5.6 a., reveals the 

formation of pinholes at the surface [22]. 
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Figure 5.6. SEM images of (a-d) pristine and La-doped ETLs, (e-h) Cs0.1MA0.9Pb(I0.9Br0.1)3 deposited over different 

underlying ETLs 

Pinholes serve as defect centers and recombination sites at the ETL-perovskite contact, 

and they severely impair device performance due to current leakages [23]. It is evident 

that the introduction of La(III) dopant into the lattice results in improved morphology and 

a significant reduction in pinhole formation for 2% La:SnO2 (Figure 5.6 b.), as well as an 
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almost pinhole-free surface morphology for 4% La:SnO2 ETL (Figure 5.6 c.). However, 

when the amount of dopant is raised from 4% to 6% (Figure 5.6 d.), the pinholes re-emerge 

on the surface, indicating the necessity for careful control and optimization of dopant 

quantity.  It is evident that PAL grown over the SnO2 (Figure 5.6 e.) exhibits small grain 

size with the presence of pinholes. The films display a smooth surface, and pinhole 

dimensions in the absorber layer deposited on highly crystalline 2% La:SnO2 (Figure 5.6 

f.) are reduced, nearly disappearing for PAL deposited on most crystalline 4% La:SnO2 

(Figure 5.6 g.). Upon depositing the absorber layer on 6% La:SnO2 (Figure 5.6 h.), the re-

emergence of pinholes and an increase in grain boundary density is observed, although 

pinholes’ size is still smaller compared to those found in SnO2. This poor surface 

morphology of perovskite deposited over 6% La:SnO2 might be due to the poor interface 

that 6% La:SnO2 provides, as illustrated in Figure 5.6 d. Therefore, optimized La(III) 

doping prevents structural and morphological defects present in SnO2 that notably 

facilitates the increased grain size of PAL and minimize charge carrier recombinations. 

5.4 Wettability Analysis 

 

Figure 5.7. Wettability studies of SnO2 and La:SnO2 ETLs 
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Figure 5.7 (a-d). presents the wettability analysis of the pristine and La:SnO2. Water 

contact angles were determined to be 17.5°, 22.5°, 25°, and 19.7° for SnO2, 2%, 4%, and 

6% La(III) doped ETLs, respectively. It is noteworthy that the contact angles for the 2%, 

4%, and 6% doped samples are higher as compared to those of the pristine SnO2. The 

increased contact angles for the ETL suggest a lower surface energy of the substrate, which 

is advantageous for reduced heterogeneous nucleation of the perovskite grown over ETL 

[24]. The less-dense nuclei of the perovskite contribute to uniform film coverage, larger 

grains, and reduced pinholes [24]. Upon raising the dopant concentration to 6% (Figure 

5.7 d.), wettability is enhanced, and the contact angle decreases from 25° to 19.7°. The 

increased wettability of the 6% doped ETL substrate results in rapid crystallization of the 

absorber layer, owing to the small grains and formation of pinholes at the surface, as clear 

from SEM results (Figure 5.6 h.). 

 

Figure 5.8. Wettability studies of perovskite deposited on SnO2 and La:SnO2 ETLs 

The contact angle measurements in Figure 5.8. indicate the surface properties of 

perovskite films deposited on various ETLs. It is important to consider that grain boundary 

passivation changes surface wettability due to which the perovskite films deposited over 
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La:SnO2 (Figure 5.8 b-d.) exhibit hydrophobic nature with higher contact angles [25]. 

Grain boundaries and pinholes present in perovskite films are a critical factor in initiating 

film degradation under moist conditions. Consequently, the passivation of these defects is 

advantageous for resisting the ingression of water molecules, reducing perovskite film 

decomposition, and enhancing device stability [26]. Films deposited on highly crystalline 

2% and 4% La doped ETLs demonstrate relatively fewer grain boundaries, as evidenced 

by SEM images, resulting in most hydrophobic characteristics compared to films 

deposited on pure SnO2 and 6% La:SnO2. The hydrophobicity observed on the surface of 

PAL is also credited to the presence of Cs+, which makes perovskite stable towards 

humidity and moisture [27]. 

5.5 Photoluminescence (PL) Studies 

 

Figure 5.9. PL studies of Perovskite with SnO2 and La:SnO2 ETLs 

To investigate the impact of La:SnO2 on the recombination of carriers, the steady-state PL 

studies were conducted to probe the charge extraction kinetics at the Perovskite/SnO2 and 

Perovskite/La:SnO2 interfaces. Upon excitation at 450 nm, it is evident from Figure 5.9. 

that all samples, regardless of the underlying layer, exhibit a common peak at around 765 

nm. The reduction in PL intensity corresponds to the extraction of carriers from the 
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perovskite layer into the ETL. The PL spectra reveals that the highest PL intensity is 

observed in perovskite without an ETL. In contrast, the introduction of pure SnO2 and 

La:SnO2 results in a substantial decrease in PL intensity, suggesting enhanced charge 

carrier injection and a decrease in defect density at the ETL-perovskite contact  [13], [16], 

[28]. Notably, Perovskite/4% La:SnO2 sample exhibits the most pronounced PL 

quenching, indicating that 4% La-doped SnO2 serves as the most effective ETL for charge 

separation and transport, as supported by preceding results. 
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Summary 

The chapter on results and discussion provides a comprehensive analysis of the structural, 

optical, electrical, and morphological properties of pure and La-doped SnO2 electron 

transport thin films. Through X-ray diffraction (XRD), it is established that La doping 

enhances SnO2 crystallinity without disrupting the rutile tetragonal lattice. Optimal doping 

concentration is found to be 4%, which leads to improved transmittance, reduced bandgap 

values, and enhanced conductivity. Scanning electron microscopy (SEM) images reveal 

that La doping improves the surface morphology and decreases pinhole formation in 

electron transport layers, resulting in better perovskite absorber layers. The study also 

examines the wettability and hydrophobic properties of perovskite films, with optimal 

results observed at 4% La doping concentration. Photoluminescence studies further 

confirm the enhanced charge extraction and reduced recombination at the optimal doping 

concentration.  
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Chapter 06 

Conclusions and Recommendations 
This chapter presents an array of results obtained from the comprehensive research 

conducted, as well as discussing potential future directions for further exploration of the 

subject matter. 

6.1 Conclusions 

In conclusion, both pristine and La:SnO2 ETL were successfully synthesized through a 

low-temperature refluxing process making them suitable for planar perovskite solar cells. 

In addition, the compatibility of these ETLs was examined with a mixed-cation mixed-

halide perovskite layer that was developed under ambient conditions. The optimal ETL 

exhibited an increased transparency of 84.2% with 4% La-doped SnO2, surpassing that of 

pristine SnO2. The characterization and analysis of La-doped SnO2 revealed enhanced 

conductivity and decreased bandwidth which led to suppressed charge recombination, 

accelerated charge transfer, and electron excitation at the perovskite/ETL interface, as 

evidenced by photoluminescence quenching. Additionally, 4% La-doped SnO2 had a 

positive impact on film quality and perovskite crystal growth in ambient, resulting in 

larger grains and an improved light absorption profile, which is beneficial for device 

performance and current densities. Contact angle measurements indicated the 

hydrophobic nature of Cs0.1MA0.9Pb(I0.9Br0.1)3 films deposited on 4% La-doped ETL, 

which hampered moisture ingress and could contribute to the long-term stability of PSCs 

under ambient conditions. This study demonstrates the potential of 4% La-doped SnO2 as 

electron transport materials for improved quality of the subsequent mixed-cation mixed-

halide perovskite layer for highly efficient and stable planar perovskite solar cells. 

6.2 Future Recommendations 

The following future recommendations aim to address key areas of interest and explore 

new opportunities in the development and application of lanthanum-doped tin oxide 

electron transport layers for perovskite solar cells. 
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1. Optimization of Lanthanum Concentration: Further research should investigate the 

optimal concentration of lanthanum doping in tin oxide electron transport layers for 

enhanced performance and stability of perovskite solar cells. 

2. Alternative Doping Elements: Exploration of other doping elements in tin oxide 

electron transport layers may lead to the discovery of superior materials with improved 

properties for perovskite solar cells. 

3. Device Stability: Long-term stability studies of lanthanum-doped tin oxide electron 

transport layers in perovskite solar cells should be conducted to assess their 

performance under various environmental conditions. 

4. Scalability: Research on scalable fabrication methods for lanthanum-doped tin oxide 

electron transport layers in perovskite solar cells will enable commercialization and 

widespread adoption of the technology. 

5. Interface Engineering: Investigate the impact of interface engineering between the 

lanthanum-doped tin oxide electron transport layer and the perovskite layer to improve 

charge transport and reduce recombination losses. 

6. Tandem Solar Cells: Study the integration of lanthanum-doped tin oxide electron 

transport layers in tandem solar cells with different bandgap materials, such as silicon, 

to achieve higher overall efficiencies. 
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Summary 

This chapter summarizes the results obtained from the comprehensive research on 

lanthanum-doped tin oxide electron transport layers (ETLs) for perovskite solar cells, 

highlighting the enhanced properties and performance achieved through doping. The 

optimal ETL showed increased transparency, improved conductivity, and better energy 

level alignment, leading to suppressed charge recombination and accelerated charge 

transfer. Additionally, the hydrophobic nature of perovskite films on La-doped ETLs 

contributed to potential long-term stability. 

Future recommendations include optimizing lanthanum concentration, exploring 

alternative doping elements, studying device stability, researching scalable fabrication 

methods, examining interface engineering, and integrating La-doped tin oxide ETLs into 

tandem solar cells. These recommendations aim to further advance the development and 

application of lanthanum-doped tin oxide electron transport layers in perovskite solar cells. 
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ABSTRACT 

Perovskite solar cells (PSCs) have attracted significant attention due to their higher 

efficiencies and lower fabrication costs.  But for the better performance of PSCs, a high-

quality electron transport layer (ETL) is crucial. Various ETLs have been employed and 

among them Tin (IV) oxide (SnO2) has emerged as a promising candidate for electron 

selective layer in PSCs due to its superior optical and electrical characteristics. However, 

there is still improvement needed in terms of poor surface morphology and conductivities 

of SnO2. When SnO2 is used in conjunction with absorber layer in ambient conditions, 

stability, and charge carrier recombinations at SnO2/perovskite interface remains a serious 

challenge as well. This study presents the doping of lanthanum (La III), a rare earth 

element, into SnO2 ETLs to improve the quality and performance of the perovskite layer 

deposited on top of ETL in ambient condition. With the optimized 4% La (III) doping, 

SnO2 ETLs become more crystalline with lower parasitic light absorption and surface 

morphology improves significantly. The improvement in morphology due to doping 

facilitates larger crystal growth of perovskite in ambient environment. Moreover, 

Photoluminescence reveals that with optimized level of doping, interfacial charge 

recombinations are significantly mitigated ensuring smooth injection of electrons into 

ETL because of superior perovskite film quality. The mixed-cation mixed-halide 

perovskite film deposited on 4% La-doped ETL show better resistance towards moisture 

ingress and will substantially contribute to develop long-life of planar PSCs.  

Keywords: electron transport layer, mixed-cation, mixed-halide, perovskite, ambient 

fabrication, elemental doping 
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ABSTRACT 

Perovskite solar cells (PSCs) have acquired popularity owing to their high efficiency, ease 

of fabrication, and affordability. In this context, the development of electron transport 

layers (ETLs) for highly efficient planar photovoltaic devices has received considerable 

attention. This study investigates the potential of zinc-tin based ternary metal oxide ETLs 

for application in planar PSCs. Solution-processed methods were used to fabricate 

crystalline zinc stannate (Zn2SnO4), amorphous zinc-tin oxide (ZTO), and Zn2SnO4 / ZTO 

based bilayer films, and their structural, morphological, and optoelectronic properties 

were studied. XRD and scanning electron microscopy images showed enhanced crystallite 

size and better surface morphology of perovskite films deposited on bilayer ETL. These 

ETLs exhibited uniform coverage and high transmittance of up to 90% in the visible 

spectrum with a band gap range from 4.14 eV for ZTO ETL to 4.29 eV for bilayer ETL. 

Whereas Photoluminescence studies and Hall effect measurements revealed superior 

charge extraction, an improved charge carrier mobility (21.84 cm2V-1s-1) and enhanced n-

type conductivity in the bilayer ETL. Moreover, contact angle analysis of perovskite layer 

deposited on bilayer ETL showed increased resistance to moisture erosion (52.20) which 

is particularly significant given the detrimental effects moisture can have on the 

performance of PSCs. 

Keywords: ternary metal oxides, electron transport layer, bilayer, ambient fabrication, 

perovskite solar cells 
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ABSTRACT 

Ruthenium dyes are a well-known player in the field of DSSCs due to their structure and 

presence of a novel metal. Their properties and complexes are studied for almost three 

decades. Although these sensitizers show better performances, their high cost makes these 

devices less economical. Organic dyes have recently been explored as an alternative to 

ruthenium-based dyes due to their easy and low-cost synthesis. This is a comparative study 

between Ruthenium and organic dyes which analysis dicyanoisophorone and Rhodanine 

organic dyes with ruthenium complexes. The Ruthenium complex named SZD-3 has 

shown efficiency of 1.208%. High recombination rate at interfaces of photoanode- dye 

molecule and photoanode- electrolyte molecule degrades the device performance 

consequently decreasing open-circuit voltages and short circuit current of the device. ZnO 

metal oxide structure instability in the presence of Ru-dyes is also a player in the lower 

output of the devices. While organic sensitizers SMA-06 and PT4N are 10-11% efficient 

as compared to SZD-3. 

Keywords: Sensitizers, Ruthenium Complexes, isophorone sensitizer, Rhodanine 

Sensitizer, DSSC 
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