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Abstract 

During the last ten years, perovskite solar cells (PSCs) have attracted a lot of interest 

from academia and R&D because of their skyrocketing increase in photovoltaic 

conversion efficiency from 3.8% to 25.2%. In order to further improve the performance 

of the device, attention is devoted to the interfaces between the perovskite absorber and 

the electron and hole transport layers. The latter has the purpose of selectively 

extracting electrons and holes, respectively. This thesis focuses on electron transport 

layers. Traditionally, titanium oxide (TiO2) is most widely proposed as ETL for PSCs. 

However, it suffers from UV-light instability, unfavorable energy band alignment with 

perovskite, and low conductivity. Furthermore, TiO2 usually requires a high-

temperature annealing process, which may influence the cost of production at a later 

stage. These limitations give a convincing motivation to find more suitable materials as 

ETLs. Recently, a two-dimensional material with high conductivity, titanium disulfide 

(TiS2), has been proposed in the literature. However, all studies focusing on TiS2 

consider wet-chemistry processing, usually accompanied by extended oxidation of the 

layer itself. Therefore, in this thesis work, we adopt a gas phase technique, atomic layer 

deposition (ALD), to fabricate TiS2 with lower oxygen impurity levels.  

To fully understand the characteristic of pristine TiS2, several techniques (XPS, UPS, 

Hall, UV-Vis, etc.) are applied. It is found that TiS2 is a high-absorbing semi-metal with 

low electrical resistivity (1.6·10-3 Ω·cm). Since a semi-metal has an overlapped energy 

band structure, it is impossible to selectively extract electrons in a working PSC, 

resulting in a high hole-electron recombination rate and high leakage current. In order 

to suppress the TiS2 semi-metallic nature, two pathways are then explored, where an 

oxidation process is induced in a controlled way. The first route is an O2 plasma 

exposure step after TiS2 deposition. This does not lead to major changes in terms of the 

energetics of the layer. The second approach consists of a bilayer structure, with ALD 

TiO2 deposited on top of ALD TiS2. Next to the opto-chemical and electrical 

characterization and the evaluation of the changes in terms of energetics at the interface, 

perovskite solar cells are assembled, for different combinations of thicknesses in the 

bilayer. The PSCs with 5 nm TiS2 and 5 nm TiO2 combination as the ETL has 

demonstrated a higher short-circuit current and fill factor, presumably due to better 

electron transport and less parasitic absorption. A conversion efficiency of 7.9 % is then 

reported.  
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1 Introduction 

As an essential driving force for human civilization development, our energy demand 

continues to increase in a world of ever-increasing population and technological 

advancement. At the end of the 19th century, the massive use of coal promoted the 

industrial revolution and brought the world into the "coal age." From the 1960s, with 

the exploration of oil and natural gas, the proportion of coal in energy consumption was 

gradually reduced from 50% in 1900 to 40% in 1970 [1], which meant the arrival of the 

"oil and gas age." Up to now, fossil fuels still dominate as mainstream energy sources 

due to their abundance on Earth and technological simplicity for conversion into a 

useful form of energy (such as combustion). However, burning these fossil fuels results 

in carbon dioxide as an unavoidable byproduct, which has led to drastic increases in 

carbon emissions from 15,460 Mt of CO2 in 1973 to 32,316 Mt in 2016, and are set to 

reach a record-high 36,800 Mt in 2019 [2]. This steady, continuous increase of harmful 

carbon emissions has inevitably raised serious global environmental concerns linked to 

severe climate changes worldwide. 

Moreover, fossil fuels are non-renewable sources of energy, meaning their supply is 

limited and will eventually be exhausted. The necessity for clean and renewable energy 

proves vital and urgent as catastrophic effects of global warming are imminent. 

Recently, many international efforts, such as the Paris Agreement that aims to maintain 

the global average temperature as close to 1.5 ºC above pre-industrial levels as possible, 

have been undertaken [2, 3]. 

 

Figure 1.1 World energy consumption trend by source, adapted from DNV GL’s Energy Transition 

Outlook [3]. 

In 2018, as can be seen in Figure 1.1, the percentage of renewable energy sources only 
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accounted for approximately 10% of the total energy consumption in the world. Among 

all available renewable energy sources, solar is considered the most potent energy 

source on Earth. The sun delivers approximately 174 PW of irradiations to the Earth, 

about 89 PW of which is absorbed by lands and seas. Simultaneously, the rest of them 

(about 85PW) is reflected or re-radiated by the Earth’s atmosphere, clouds, and surfaces 

[4], which provides equal to approximately 782,260,000 TWh electricity per year. The 

total worldwide energy consumption in 2019 is 111,792 TWh, and it is surprised to 

make a simple calculation that the sun can provide the total energy needed for the entire 

year within just about 1.2 hours [4]. As an “inexhaustible” energy source, solar is 

considered the most promising source to realize a clean and sustainable energy supply 

for humanity's future life. Furthermore, solar energy is responsible directly or indirectly 

for all the other forms of energy on Earth, such as wind, biomass, and ocean energy.  

The solar-harvesting technologies applied in the energy industry include photovoltaic 

(PV), solar thermal, and concentrated solar. Among them, PV is considered the most 

appealing for implementation into electrical grids, as this technology allows for the 

direct conversion of solar into electricity. From an industrial point of view, in recent 

years, PV technologies have blossomed and even over doubled the total installed 

capacity in the last five years [4]. It is predicted that solar PV will account for the largest 

energy source in the coming decades, reaching 50% in 2050 [3]. Although the PV 

industry is growing at a quick pace and the installed capacity is continuously increasing, 

there is always a strong incentive to develop cheaper and more efficient alternatives to 

present technologies based on silicon [3].  

1.1 PV Technologies for Solar Utilization 

PV technologies convert solar energy directly into electricity. The basic principle is the 

photovoltaic effect discovered in 1893 by Becquerel, a French physicist. His 

experiment revealed that illuminating an electrode (Platinum, Pt) while placed in an 

electrolyte solution (AgCl, AgBr) could generate a photovoltage – the pillar of the solar 

cell principle [5]. Later, Hertz observed the photoelectric effect in 1887 [6]. His 

experiments proved that the ultraviolet light could excite electrons from a metal surface, 

indicating that when a material is radiated with enough energy, the electrons jump from 

the surface [6]. Einstein won the Nobel Prize in 1921 for his theoretical explanation of 

the photoelectric effect [6]. In 1954, Bell Laboratory in the US first prepared a 

monocrystalline silicon solar cell, and the photoelectric efficiency reached 6%. Over 

the next 50 years, different typologies of PV technologies emerged as its technological 

promise was realized. Figure 1.2 shows the solar cell efficiency evolution as given by 

the National Renewable Energy Laboratory (NREL) of the United States which only 

includes the highest certified efficiencies of different types of solar cells [7]. 
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Figure 1.2 Power conversion efficiency record for different solar cells published by NREL in 2020 

[7]. Inset, the zoomed-in area for perovskite solar cells. 

According to the materials employed, solar cells can be divided into three generations: 

the 1st is silicon-based, the 2nd is thin-film based, and the 3rd is new-generation solar 

cells, as shown in Figure 1.3 below: 

 

Figure 1.3 The generations of Solar PV technologies. 



4 Atomic Layer Deposition of Titanium Disulfide based Charge Transport Layers for Perovskite 

Solar Cells 

 

In the first generation, single-crystal silicon solar cells are the industrial standard solar 

cell because of the high efficiencies (up to 26%) and large PV market share with about 

30% of the total installed capacity [8]. Polycrystalline silicon is also widely applied, 

but it achieves lower efficiencies (up to 21%), owing to its fabrication processes where 

molten silicon is poured into a cast instead of coming from a single crystal.  

The second generation is thin-film solar cells, as the active layers are only a few microns 

thick and the materials used mainly include Cadmium Telluride (CdTe) [9], Copper 

Indium Gallium di Selenide (CIGS) [10] and Copper Indium Selenide (CIS) [11]. These 

solar cells have the advantage of lowering material costs and introducing the possibility 

of additional applications due to the potential for flexible and light-weight packaging 

with a relatively high efficiency, where CdTe can reach 21.4% and CIGS 21.6 % [12]. 

However, these materials' drawback is that they either use rare earth elements or toxic 

elements, which alongside higher manufacturing costs and environmental problems, 

limits their widespread use. This leads to the third generation of PV, which focuses on 

developing low-cost and high-efficiency solar cells with new materials and structures, 

such as nanomaterials, nanostructures, organic dyes, conductive polymers, etc. 

The third generation of solar cells mainly includes perovskite solar cells (PSCs), dye-

sensitized solar cells (DSSCs), organic solar cells (OSCs) and quantum dot solar cells 

(QDSCs). With the increased requirements for sustainable development, it is expected 

to manufacture solar cells with a simple process, with environmentally friendly 

materials, with high efficiency and longer service life. Recently, perovskite solar cells 

have attracted the world's attention. This family of materials is a promising technology 

in the solar PV field to achieve high efficiencies (current record reached 25.1%, can be 

found in Figure 1.2 [7]), low material costs, and high throughput processing capabilities. 

Besides, many unique, interesting scientific phenomena can be observed in perovskites 

and associated devices, such as tunable optical properties and long carrier diffusion 

length, which provide much inspiration from a materials research perspective.  

1.2 Perovskite Solar Cells (PSCs) 

Perovskite solar cells employ organo-metal halide perovskite semiconductors as the 

active material to realize the conversion from solar energy to electricity. In 2009, 

Kojima A. first used CH3NH3PbI3 and CH3NH3PbBr3 as sensitizers of dye-sensitized 

solar cells to achieve a photoelectric conversion efficiency (PCE) of 3.8% [13]. Later, 

perovskite was deposited on the surface of TiO2 in the form of quantum dots, and 6% 

PCE was obtained [14]. By 2012, the perovskite materials MAPbI3 and MAPbI3-xClx 

had achieved 9.7% and 10.9% efficiency [15, 16], which raised even further the interest 

in this technology. Subsequently, the efficiency has increased year by year, and in 2013, 

it was selected as one of the top ten scientific and technological progress of the year by 

the journal “Science”[17].  
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The calculated maximum theoretical PCE limit for a perovskite solar cell is ~31%. This 

value is very close to the theoretical PCE limit for a single-junction solar cell (~33%) 

and higher than the current average PCE of single-crystal silicon solar cells (~26%) 

[18]. Some exceptional features of perovskites, such as being light-weight and 

compatible with flexible substrates and the tunability of optical properties, open up 

opportunities in fields such as building-integrated photovoltaics, smart electric vehicles, 

portable micro-grids and flexible electronics [18]. Moreover, perovskite absorbers are 

acknowledged for their high carrier mobility, large absorption coefficient, and favorable 

bandgap [13, 19-21]. Thanks to these benefits, perovskites are considered to have the 

most significant potential to overcome silicon-based PV technologies' restrictions to 

pave the way towards a green and solar-driven sustainable future [22]. 

1.3 Electron Transport Layers for PSCs 

Apart from the properties of perovskites itself, the efficiency of a PSC can also be 

determined by many factors, such as carrier transport, layer contact quality, etc. In this 

project, the main focus is to improve the efficiency of electrons transport. 

The structure of a PSC is shown in Figure 1.4. The perovskite absorbing material is 

sandwiched between two charge transport layers (CTLs), which can selectively 

transport the free electrons and holes generated in the perovskite absorber. The transport 

efficiency of these two CTLs can effectively determine the output power and have a 

crucial impact on PSCs' efficiency [23].  

 

Figure 1.4 Schematic of a planar perovskite solar cell configuration. The photo-absorbing layer 

(perovskite) is sandwiched between two selective charge transport layers, and they are enclosed 

between two conductive contacts. An external circuit is connected to the cell and an electric current 

can be formed [23]. 

In terms of electron transport layers (ETLs), the most widely studied materials are metal 

oxides and organic materials. For example, titanium dioxide (TiO2) is one of the most 

commonly used ETL in PSCs [23]. However, the application of TiO2 was found to 

usually bring instabilities, which result in a wide range of efficiencies, as the reported 
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PCEs range from 4% to 24% [14, 23, 24]. The reasons can be the poor reproducibility 

of materials’ fabrication processes, surface defects, the photocatalytic nature of TiO2 

and an unfavorable conduction band alignment with perovskites. Electrons generated 

by the perovskite may have to overcome an energy barrier at the TiO2/perovskite 

interface before they can be extracted, causing the accumulation of electrons at the 

interface. Roose et al. reported employing tin oxide (SnO2) to replace TiO2 [25]. 

Because of its deeper conduction band minimum, this leads to a better energy band 

alignment with perovskites, and a stable and high PCE could be obtained at around 18%. 

On top of the possible unfavorable band alignment, another element to consider that 

can affect the efficiency may come from the high (electrical) resistance of some metal 

oxides, which leads to inefficient transport of electrons and an increase in the series 

resistance of PSCs, resulting in reduced current densities [26]. Furthermore, all the 

metal oxide ETLs mentioned above usually require a high-temperature process, and 

there is still a long way to reach the maximum theoretical PCE of PSCs.  

Recently, titanium sulfide (TiS2) has been reported as ETL in PSCs with a PCE as high 

as 21.7% [27]. From the authors’ perspective, the excellent performance comes from 

its high conductivity and favorable band alignment with the perovskite. However, all 

reported TiS2 layers employed in these PSCs are synthesized from wet chemistry, 

usually accompanied by the material's oxidation because of solution processes. There 

is effectively no report on unoxidized TiS2 layers used as ETLs in PSCs. In this M.Sc. 

report, we synthesize pristine TiS2-based layers and investigate their chemical, electric, 

energetic, and optical properties, along with their applications in PSCs.  

1.4 Project Objective and Outline 

This thesis aims to characterize and apply atomic layer deposited TiS2-based layers as 

ETLs in planar PSCs. The main research questions being addressed in this thesis are: 

1. What are the properties of the pristine ALD titanium disulfide? 

2. How are the properties of ALD titanium disulfide related to the efficiency of 

perovskite solar cells? 

3. What pathways, if necessary, can be selected in order to modify the properties 

of ALD titanium disulfide to increase the solar cell efficiency? 

The thesis is divided into 6 Chapters. Chapter 2 gives an introduction to the 

fundamentals of perovskite solar cells, including the working principle, main 

challenges, and materials. Also, the state-of-the-art inorganic/organic and TiS2 ETLs 

applied in PSCs are presented. Chapter 3 delivers a literature overview of the current 

research status of TiS2 materials, focusing mainly on the analysis of their energetic and 

optical properties and the methods to adjust these properties. Chapter 4 covers the ALD 

process and characterization techniques that were involved in this research, as well as 
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the cell fabrication process. Chapter 5 covers the experimental results and the 

discussion section, which is the core of this thesis. In the first and second sections of 

Chapter 5, the atomic layer deposited TiS2/TiOxSy and TiS2/TiO2 bilayers are presented, 

and their properties are compared with literature. Lastly, this chapter shows the results 

of the performance of PSCs having TiS2 based ETLs, as well as the analysis of the 

relationship between ETL properties and thickness, with cell performance. Chapter 6 

gives conclusions obtained from this work and outlook for future investigations on ALD 

TiS2 for perovskite solar cells application.  
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2 Metal Halide Perovskite Solar Cells 

In the last decade, metal halide perovskites have been demonstrated to be promising 

materials for optoelectronic applications. Specifically, these materials are characterized 

by high absorption coefficients, long carrier diffusion lengths, the nature of ambipolar 

transport, and low intrinsic recombination rates, which make them ideal candidates for 

photovoltaic applications. The first perovskite solar cell (PSC) was reported in 2009, 

with an obtained power conversion efficiency (PCE) of 3.8%. From that moment on, 

this field has been skyrocketing in terms of improved quality of its components 

(perovskite absorber and charge transport layers), fundamental understanding of the 

carriers’ transport mechanism, and tuning of its optoelectrical properties. The best PSC 

has recently achieved a surprising efficiency of 25.2%, which comes close to the Si 

solar cell efficiency values reached so far, such as single crystal silicon solar cells with 

PCEs up to 26.7% [28]. In this chapter, the perovskite materials and the fundamentals 

principles of PSCs operations are presented.  

2.1 Basic of Organo-Metal Perovskite Materials 

2.1.1 Crystal Structure and Properties 

Originally, the perovskite term refers to a mineral named CaTiO3. In 1839, it was first 

found in the Ural Mountains area, Russia. Later on, to remember the late Russian 

geologist Lev Alekseevich Perovski, this mineral was named perovskite [29]. However, 

since the crystal structure of CaTiO3 can be adopted by many other materials, 

“perovskite” has become the term used to describe all materials having an ABX3 

crystalline structure. Among the three elements, A is a cation with a large ionic radius 

ranging from 100 to 138 pm (A=Pb2+, Na+, Sn2+, Sr2+, K+ Ca2+, Ba2+, etc.), B is another 

cation with a small radius range from 67 – 86 pm (B=Ti4+, Mn4+, Zr4+, Fe3+, Ta5+, etc.), 

and X is an anion (X=F-, Cl-, Br-, I-, O2-, etc.) [30].  

In 1978, Weber [31] introduced methionine into this crystal structure for the first time, 

forming the first organic-inorganic hybrid perovskite material with a three-dimensional 

structure. As shown in Figure 2.1, in a typical ABX3 hybrid perovskite structure, A 

refers to the large organic ions such as methylammonium CH3NH3
+ (MA), 

formamidinium CH3(NH2)2
+ (FA), and inorganic cations like Cs+ or K+. These cations 

occupy the eight vertices of the crystal cubic structure. B refers to a divalent metal 

cation (Pb2+, Sn2+, etc.), and X refers to a halogen anion (Cl-, Br-, I-) or a mixture of 

them. Among these ions, a tetragonal crystal structure can be formed at room 

temperatures. 
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Figure 2.1 Schematic of the general crystal structure of perovskite materials with A (CH3NH3
+, 

CH3(NH2)2
+, Cs+, K+, etc.) and B (Pb2+, Sn2+, etc.) as cations and X (Cl-, Br-, I-, etc.) as anions.  

The first hybrid perovskite material discovered to have solar harvesting capabilities was 

MAPbI3 [30]. Shortly after, FAPbI3 was evaluated as an additional promising 

photovoltaic material [32]. One of the unique aspects of hybrid perovskites is that, as 

long as charge neutrality is conserved in the perovskite molecule and its constituents' 

relative sizes are appropriate, see Goldschmidt tolerance factor below, this crystal 

structure can be associated with a wide range of compositions, thus allowing for a large 

degree of compositional tunability. In this regard, size effects are an important 

consideration as they determine the crystal structure's dimensionality. In the 

perovskite's unit cell, the cavity formed between halide octahedra and the A cations, is 

occupied by a metal atom centered in the unit cell. As the A-site cation increases in size, 

it can distort the crystal lattice, a phenomenon known as octahedral tilting. In order to 

keep a structurally stable cubic perovskite crystal, the organic cations should fit in the 

cavities without introducing distortion. The organics cations, centered metal, and halide 

need to be selected with a suitable atomic radius to get good Goldschmidt tolerance 

factors [33], which indicates the stability and distortion of crystal structures, can be 

calculated by applying the following formula: 

                          𝑡𝑓 =
𝑟𝐴+𝑟𝑥

√2(𝑟𝐵+𝑟𝑥)
                             (2.1) 

Where rA, rB, and rx represent the different radii of organic cation, metal, and halide, 

respectively. Typically, a highly stable cubic perovskite crystal has a tolerance factor 

close to 1. Nowadays, perovskites with MAPbI3 ( tf = 0.8) and FAPbI3 (tf = 0.88) have 

been widely studied [33]. Furthermore, multi-cations perovskites have also been widely 

studied because of the optimized tolerance factor. For example, 

(FAPbI3)0.85(MAPbBr3)0.15 was found to have a tolerance factor of 0.98, a value 

favorable for stabilizing the cubic perovskite structure [33]. 

Apart from the increased crystal stability, it is found that the introduction of multi-

cations and halides enables the tuning of the bandgap and the optical properties of 



10 Atomic Layer Deposition of Titanium Disulfide based Charge Transport Layers for Perovskite 

Solar Cells 

 

perovskites [34, 35]. For example, MAPbI3 was found to have a 1.55 eV bandgap. The 

corresponding absorption band edge is 800 nm, meaning that it can nearly absorb the 

whole visible spectrum, aided by a high absorption coefficient (104-105 cm-1). However, 

the perovskite FAPbI3 has a smaller optical bandgap (1.43 eV) and an extended light 

absorption range toward the near-infrared region. Furthermore, due to the larger FA 

cation compared to the MA cation, this perovskite's thermal stability is also improved 

[32]. Substituting bromine to iodine to form MAPbBr3 leads to a perovskite with a 

larger optical bandgap (1.96 eV) with a tolerance factor equal to 0.9, but with an 

absorption edge at 520 nm, indicating less absorption in the perovskite and thus able to 

only exploit part of the visible light spectrum [32]. The incorporation of smaller halides 

like Br leads to a better Goldschmidt tolerance factor and thus to a more stable 

perovskite crystal. Through the synergy of multi-cations and halides, the perovskite 

(FAPbI3)0.85(MAPbBr3)0.15 has a middle bandgap (1.5 eV) and a preferable absorption 

edge at around 700 nm, together with good crystal stability [33]. In conclusion, through 

the easiness in composition tunability, organo-metal halide perovskite semiconductors 

can form crystalline structures with tunable bandgap and optical properties for various 

photovoltaic applications.  

Furthermore, perovskites have several other advantages that make them good 

candidates for light absorption materials in solar cells: lower exciton binding energy (< 

50 meV), which makes the exciton more easily dissociated into electrons and holes and 

improves the efficiency of the device's photocarrier production; long charge carrier 

lifetime (> 100 ns) and long charge diffusion length (> 100 nm); high electron and hole 

mobility (24 ± 7 cm2 V-1s-1 and 105 ± 35 cm2 V-1s-1 respectively for MAPbI3), which 

improves the charge transfer efficiency [13, 19-21].  

Although perovskites show great potential in the next generation of photovoltaic 

devices, these materials' commercialization still faces many challenges. One of them is 

the toxicity derived from the use of heavy metals. Lead, widely used in perovskite, is 

highly toxic and is related to numerous health problems [36]. Therefore, looking for an 

alternative non-toxic element in perovskite is necessary [37]. However, it is very 

challenging to replace lead while maintaining high PCEs [38-41]. Pb's substitution can 

be divided into two types according to the valence state of the replacing element: 

isovalent substitution and heterovalent substitution. The three-dimensional perovskite 

structure can be maintained by substituting isovalent Sn2+ and Ge2+, but its electric 

properties' stability is not good. For the heterovalent substitution, it is necessary to 

adopt more complex ion splitting or vacancy formation to maintain the perovskites' 

structure to maintain the electric neutral condition. However, any of the measures 

discussed above to replace lead will reduce the high symmetry and change the size of 

the three-dimensional perovskite structure, likely damaging the lead-based perovskite's 

excellent natural properties, making the lead-free road full of challenges [38]. Up to 

now, Meng et al. [41] reported a record highest PCE up to 10.16% for a lead-free PSC 
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by using FASnI3 perovskite.  

Another challenge is instability. When perovskites are exposed to humid air, long-term 

ultraviolet irradiation and/or a high-temperature environment [42], the materials can 

degrade easily within a few minutes or more slowly, during days [20]. However, 

photovoltaic devices based on crystalline silicon have a long lifetime of around 20-25 

years [43] and the same would be required out of any replacing technology. Therefore, 

the perovskite's instability must be fully addressed to implement such materials in the 

energy market realistically. One of the ways to address the instability challenge is 

developing two dimensional (2D) perovskites. 2D perovskite materials are formed by 

inserting large-group, high-aspect-ratio  ammonium cations (represented by A′, such 

as C6H5(CH2)2NH3
+ (PEA+), C2H4NH3

+ (CA+), C10H7CH2NH3
+ (NMA+)) into the 

crystal structure of 3D perovskites, forming an alternately stacked structure with both 

organic and inorganic perovskite layers [44-46]. The general formula of 2D perovskite 

can be expressed as A′mAn-1BnX3n+1. Here, m represents if A′ is a divalent (m=1) or 

monovalent (m=2) cations, and the double or single layer of A′ cations can connect the 

An-1BnX3n+1 2Ds sheets. The number n describes the number of 2D metal halide sheets, 

which can be tuned by changing the precursors' composition. As shown in Figure 2.2, 

when n tends to infinite, the structure corresponds to the normal 3D perovskite; when 

n is equal to 1, the crystal will be pure 2D perovskite; when 1<n<5, this structure is 

usually named quasi-2D perovskite. By controlling the stoichiometry, the layer's 

thickness can be tuned, and the bandgaps adjusted as well [47].  

In general, 2D perovskite materials have good moisture stability. This is because the 

hydrophobic alkylamines applied in 2D perovskites can prevent and delay the 

perovskite crystals' direct exposure to moisture. The layers’ space also has a high defect 

tolerance, resulting in less charge recombination. However, because the ammonium 

halide in 2D perovskites has a relatively large dielectric constant, theoretically, the 

carrier mobility and diffusion length in 2D perovskites will decrease with the increase 

of the size of the inserted organic groups. Another benefit is that 2D perovskites are 

highly anisotropic due to their unique organic-inorganic stacked structure, and the out-

of-plane crystal growth can improve charge transport efficiency [44]. However, the 

study of two-dimensional perovskite materials still faces many challenges. For example, 

the formation of multiple phases in 2D perovskites and the influences of the ratio of 

different phases on PSCs' performance is still unclear. Furthermore, it is still needed to 

develop easy, low cost and temperature processes to fabricate large-area 2D perovskite 

with high film quality for better device performance [44]. Recently, the PCE of 2D 

perovskites has been reported to reach 19.58% without hysteresis, and over 90% of 

original efficiencies can be maintained under thermal (85 ℃) and humid environment 

(humidity=35%) after 100 h, reported by Chen et al. [46]. 
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Figure 2.2  Schematic comparing 2D and 3D perovskite structures. The general composition for 

2D perovskite can be expressed as A′
mAn-1BnX3n+1: A′ = PEA+, CA+, NMA+…; A = MA+, FA+, Cs+, 

K+…; B = Pb2+, Sn2+…; X=I-, Cl-, Br-… (n=∞, 3D structure; n=1, pure 2D structure [44]. 

In this project, a double-cation perovskite FA0.66MA0.34PbI2.85Br0.15 is fabricated via a 

facile two-step solution process reported by Qiu et al. [48, 49]. More details about the 

fabrication processes will be shown in Section 4.5. It has been proved that this 

perovskite has very stable performance, including high humidity resistance and high 

efficiency. The record PCE for this FA0.66MA0.34PbI2.85Br0.15 perovskites was reported 

to be over 21% [48].  

2.1.2 Synthesis Methods of the Perovskite Absorber 

Perovskite absorber's crystal quality is one of the major influencing factors in the 

device's performance. Specifically, crystal size, texture, and morphology of the 

perovskite absorber can directly affect the transmission and absorption of UV visible 

light, the transport and recombination of carriers, and the diffusion length of carriers. 

Different methods are expected to obtain films with controllable morphology, high 

reproducibility, and good morphology. Currently, one-step spin coating, two-step 

methods, and vapor deposition are widely used to prepare perovskite thin films, as 

shown in Figure 2.3 below [50-52].  
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Figure 2.3 Schematic of the different methods to fabricate perovskite thin films, a) one-step spin-

coating, b) two-step methods, c) vapor deposition methods [51]. These processes are referring to 

the case of methylammonium iodide and lead halide (MAI and PbX2). 

As shown in Figure 2.3 (a), the one-step spin-coating method consists of dissolving all 

the perovskite precursors BX2 (B=Pb2+, Sn2+; X=I-, Br-, Cl-) and AX (A=MA+, FA+, Cs+) 

in an organic polar solvent (dimethylacetamide (DMA), dimethylformamide (DMF), 

etc.) to obtain the perovskite solution [53, 54]. Afterward the solution is spin-coated on 

the substrates. When the spin coating process is finished, the solvent can be evaporated 

by annealing at the range of 100 - 150 ℃. The annealing temperature depends on the 

specific solvent used. To remove the excess of solvent, antisolvents (such as 

chlorobenzene or diethyl ether) are usually added during the spin-coating process [14, 

15, 22].  

As shown in Figure 2.3 (b), the two-step method can be classified, according to the type 

of the second step, such as sequential deposition, two-step spin-coating, and vapor-

assisted solution deposition. These routes require a first step where the lead halide is 

spin-coated on a substrate and then a second step where the lead halide reacts with the 

organoammonium halide to form the perovskite thin film. By employing a two-step 

process, the films' homogeneity and reproducibility have been improved. Furthermore, 

perovskites' morphology can be easier controlled by carefully adjusting the spin-coating 

parameters, such as spin speed. However, non-fully reacted PbI2 may remain in the 

perovskite films prepared by this method. For this reason, the annealing time needs to 

be long enough to allow for the second step to diffuse into the lead halide layer and 
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react completely.   

Lastly, the vapor-assisted deposition relates to the fact that the solid perovskite material 

undergoes sublimation. The film is evaporated onto a substrate, as shown in Figure 2.3 

(c). According to the different evaporation process, it can be further divided into 

sequential deposition [55], flash evaporation [56], hybrid chemical vapor deposition 

[57]. The film usually has high quality, good uniformity and compactness, but the 

preparation cost is high due to a vacuum environment, complex equipment and high 

temperature. Moreover, this method can only fabricate small-area devices in labs, which 

cannot meet large-scale industrial device manufacturing requirements.  

Other preparation processes, such as interdiffusion [24], inkjet printing [58], spray 

deposition [59], have also been studied for the preparation of perovskite films suitable 

for solar cells. These methods aim to obtain perovskite thin films with high-quality, 

large effective areas and prepare them as simple as possible at low temperatures to 

reduce the cost. However, it is still challenging to find a preparation process that fully 

meets all these requirements. Furthermore, in the latest report, most of these PSCs have 

areas of only a few mm2 [60]. Devices on the cm2 scale also have been reported, but 

with much lower PCEs. It is still challenging to manufacture high-efficiency PSCs on 

an industrial scale. 

In this project, the two-step spin-coating method was employed to fabricate the double-

cation perovskite by the M2N group FA0.66MA0.34PbI2.85Br0.15 because of the simple 

process, good cell performance and reproducibility reported [49]. More details about 

its synthesis process will be shown in Section 4.5. 

2.2 Perovskite Solar Cells: Working Principle and Interface Loss 

Mechanisms 

A full planar PSC usually includes a transparent conductive glass (such as fluorine-

doped tin oxide (FTO), indium tin oxide (ITO)), an electron transport layer-ETL 

(options are: TiO2. SnO2, ZnO, PCBM, etc.), the perovskite layer and a hole transport 

layer-HTL (options are: Spiro-MeOTAD, PTAA, NiO, etc.) in combination with a metal 

electrode (Au, Ag…). This is described as a “thin-film” PSC configuration. 

According to the layer’ sequence, the thin film PSC can either have an n-i-p structure 

or an inverted p-i-n structure [61]. In an n-i-p structure, the n layer, i.e. the ETL, is 

deposited prior to the perovskite processing (i layer). The latter is followed by the p-

layer, i.e. the HTL, processing. This configuration is adopted in the present studies. In 

Figure 2.4, an example of an n-i-p PSC device and its energy band diagram is presented 

[62, 63]. 
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Figure 2.4 Schematic representation of a) the stack structure; b) energy levels, carriers transfer and 

interface loss processes in an n-i-p PSC. At the interface, ④ recombination of extracted carriers 

may occur in the interface region; ⑤ because of exciton annihilation (either radiative or non-

radiative), the photogenerated charge carriers can recombine; ⑥ the defect-induced interface 

recombination; ⑦ the interfacial energy barriers because of unaligned energy band; ⑧ if there 

are some pinholes from the incomplete coverage of perovskite, the recombination may happen at 

the ETL/HTL interface. The conduction band minimum, valence band maximum, and Fermi level 

are represented by ECBM, EVBM, and EF, respectively. 

The working processes of the PCS is also sketched in Figure 2.4 (b) [64]: ① the 

photoexcitation in perovskite materials and the generation of free electrons and holes; 

② the injection of generated free-electrons from the perovskite to the conduction band 

of ETL; ③ the injection of generated free holes from the perovskite to the valence 

band of HTL. Finally, these photogenerated carriers can be collected to their electrodes 

to generate current in an external circuit.  

As shown in Figure 2.4 (a), there are many interfaces in a planar n-i-p PSC, including 

between ETL and cathode (referred as I1), between perovskite and ETL (I2), between 

perovskite and HTL (I3), and between HTL and anode (I4). The efficiency of charge 

extraction between these interfaces will depend on the energy level offsets. The 

photogenerated electrons will be transferred at interface I2, from the conduction band 

of perovskite to the lowest unoccupied state level (CBM for inorganic materials, LUMO 

for organic materials) of the ETL, and finally, transported to FTO. This occurs under 

the assumption that the energy level offsets between I1 and I2 are limited, i.e. no large 

energy difference (usually less than 0.5 eV) for electrons extraction occur [64]. 

Simultaneously, the ETL should have a relatively deep VBM to minimize/block the 

hole transfer at I2, which may bring undesirable recombination. 
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Similarly, the transport of holes can be extracted from the energy level offsets at I3 and 

I4: firstly, the photogenerated holes will be transferred at interface I3, from the valence 

band of perovskite to the highest unoccupied states level (VBM for inorganic materials, 

HOMO for organic materials) of the HTL, and finally, be transported to Au electrode. 

The HTL should have a relatively high CBM position to minimize/block the electron 

transfer at I3, which may bring undesirable recombination.  

The energy band alignment is necessary to fulfill, but it is not sufficient, to deliver high-

efficiency devices. For example, the recombination at interfaces due to defects can be 

a serious bottleneck. This is because the bulk recombination processes in perovskite are 

negligible due to its high crystalline quality. Figure 2.4 (b) also presents the main 

possible interface-related loss mechanisms in a simplified PSC. In order to deliver high-

efficiency PSCs, these carrier's loss processes should be effectively suppressed with 

respect to charge injection and transport in the devices [65, 66]. 

2.3 Electron Transport Layers for Perovskite Solar Cells 

As addressed in the previous section, both bulk and surface properties of a transport 

layer need to be carefully designed in terms of electrical properties, band alignment 

with respect to the perovskite energy levels, and suppression of surface defects. Since 

this thesis is focused on developing an ALD grown TiS2-based ETL, below it is shown 

a literature overview of the most adopted ETLs in PSC devices. 

2.3.1 Inorganic and Organic Electron Transport Layers 

According to the specific requirements for ETLs, currently, the ETL materials mainly 

used in PSC research include n-type metal oxides and organic materials [67, 68]. 

Recently, few reports also show the application of two-dimensional metal (di)sulfides 

as ETLs. These materials have been employed due to their matching energy band 

structure with the perovskites’ energy levels and the high conductivity of sulfide layers. 

The band diagram of these ETLs, together with several typical perovskites, are shown 

in Figure 2.5 below.  
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Figure 2.5 Energy-level diagrams of various ETL materials and typical perovskite absorbers 

materials in PSCs. 

With regards to the many available inorganic n-type metal oxides, TiO2 [69], SnO2 [70], 

ZnO [71], Zn2SNO4 [72], WO3 [73], In2O3 [74], SrTiO3 [75], Nb2O5 [76], CeOx [77] and 

BaSnO3 [78] have been explored as ETLs in perovskite solar cells. Among them, TiO2 

is the most widely used with an indirect bandgap of around 3.2 eV. However, TiO2 

suffers from low electron mobility (10-3 cm2V-1s-1) and optical instability, influencing 

the device's stability under UV light [25]. In addition, for solution-processed TiO2 [69], 

a high-temperature annealing process (around 500 ℃) is often required to remove 

organic contamination and form a crystalline structure, which leads to higher 

production costs. Therefore, although PSCs involving TiO2 ETL usually have good 

performance, other alternative n-type metal oxides have also been developed. For 

example, ZnO with a bandgap near 3.3 eV, has been studied to be easily deposited 

without a high temperature or pressure process. However, the -OH residues on ZnO, 

leads to the decomposition of the perovskite at the interface with ZnO, which affects 

the device performance [79, 80]. Among all metal oxides explored so far, only SnO2 

shows the closest performance to TiO2. SnO2 has a wide bandgap (3.6 - 3.8 eV), good 

stability and large electron mobility (up to 240 cm2V-1s-1). Moreover, it has good optical 

transparency in the visible light region, which makes it more likely to become a 

candidate material for efficient PSCs. For example, high PCEs close to 21% were 

achieved by employing a low-temperature solution-processed SnO2, as reported by 

Hagfeldt and co-workers [81]. 

On the other hand, organic materials, such as C60 and its derivatives PC61BM, ICBA, 

and PC71BM, have also been found to be good options as ETLs due to the low-
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temperature and low-cost preparation processes, relatively high electron mobility, and 

good energy level alignment with perovskites [49]. Moreover, PSCs with organic 

electron selective layers usually show a reduced hysteresis phenomenon, which may 

originate from the adjustment of electrons' extraction rates from the perovskite absorber 

to the ETL [49]. 

Lastly, due to their electrical, optical, and chemical properties, two-dimensional 

transition metal sulfides have also been reported as promising candidates for visible 

light optical devices. For PV applications, these metal sulfides were reported to be 

employed in thin-film solar cells, such as CIGS and CdTe. Recently, they were reported 

to have potential applications as ETLs in PSCs. For example, Zhao et al. [82] reported 

a simple hydrothermal process to prepare two-dimensional SnS2 ETL on FTO for planar 

n-i-p PSCs. It was found that the 2D SnS2 nanosheets can help increase the contact area 

with perovskite, promoting the electrons’ transport along the interconnected 2D planes. 

As a result, the electron collection rate is improved and the PCE of the PSC based on 

this SnS2 ETL reached 13.35% with a high short-circuit current at 23.7 mAcm-2, which 

is only slightly less than the PCE of reference cell used TiO2 as the ETL (15%). Other 

reported metal sulfides, can also be employed as ETLs in PSCs with good efficiencies, 

such as CdS (10.8%) [83], Bi2S3 (13.1%) [84], and In2S3 (18.2%) [85]. Recently, 

titanium disulfide, which is the main focus of this thesis, has also been reported [27, 

86-88]. The details will be discussed in the next section. 

2.3.2 TiS2/TiO2-xSx as Charge Transport Layers in Perovskite Solar Cells  

Recently, TiS2 has been employed in PSCs by a few research groups, which obtained 

PCEs between 9.44% and 21.73% [27, 86-88]. Although TiS2 has not been widely used 

in PSCs' application, these preliminary studies have shown that an appropriate energy 

level structure, high conductivity and high optical stability of TiS2 can help PSC to 

obtain better stability and higher PCEs. Most of these reports applied TiS2 as an ETLs 

[27, 86, 87] because TiS2 has been found to be an n-type semiconductor. Table 2.1 

below gives an overview of the resulting PSCs performances when using TiS2. Since 

all TiS2 reported here are made from solution processes, it should be noted, resulting in 

oxidation, the true composition of their TiS2 should be TiOxSy, although the authors did 

not stress this point. In order to avoid confusion, TiS2 (s) is used instead of solution-

processed TiOxSy in this section. 
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Table 2.1 The overview of applications of TiS2 in PSCs [27, 86-88]. 

Function Material 
Thickness 

(nm) 
Perovskite 

PCE 

(%) 

Voc 

(V) 

Jsc(mA 

cm-2) 
FF 

ETL 2D TiS2 (s)  5 nm FA0.85MA0.15PbI3 17.37 1.05 23.38 0.71 

ETL 
TiS2 UV-

Ozone 
4 nm PbI2:FAI:MABr:MACl 18.79 1 24.75 0.75 

ETL 2D TiS2 (s) 4 nm PbI2:FAI:MABr:MACl 9.44 0.75 24.46 0.51 

ETL 
SnO2 /  

2D TiS2 (s) 

20 nm /  

5 nm 
PbI2:FAI:MABr:MACl 21.73 1.11 24.57 0.79 

Yin et al. employed a solution-processed 2D TiS2 (s) as an ETL in an n-i-p PSC for the 

first time. This TiS2 (s) layer, behaving as an n-type semiconductor with a 1.7 eV 

bandgap, and it was a proper alignment of the CBM with respect to the perovskite. 

Moreover, the authors found that the PSC with TiS2 (s) showed enhanced UV stability 

(Figure 2.6 (b)). The better stability was attributed to the limited photocatalytic activity 

of TiS2 (s), as detected by the photocatalytic current density measurements shown in 

Figure 2.6 (a). Finally, the highest PCE of 17.37% for these PSCs was obtained with 

long-term stability (10% PCE loss after 50 hrs). Simultaneously, the reference cells with 

TiO2 as the ETL have a comparable high PCE of 17.07% but very unstable (44% PCE 

loss after 50 hrs) [87].  

 

Figure 2.6 (a) The ultraviolet photocatalytic activity of TiO2 and TiS2 (s) coated FTO glass for the 

reaction of decomposing H2O in Na2SO4 solution. (b) The PCEs changing of the PSCs with TiO2 

and TiS2 films as ETLs under UV light [87]. 
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Apart from the low photocatalytic activity, another benefit of TiS2 is its high 

conductivity. Huang et al. [86] applied room-temperature solution-processed TiS2 (s) 

with a UV-ozone post-treatment as ETL in a planar n-i-p PSC: a remarkable 18.79% 

PCE was obtained, which is a record value for n-i-p PSCs using ETLs processed at 

room temperature. To evaluate the charge transport efficiency when using TiS2, the 

electrochemical impedance spectroscopy (EIS) technique was adopted and it showed 

that the transport resistance (Rtr) decreased from 839.1 to 230.3 Ω, whereas the 

recombination resistance (Rrec) increased from 45 to 268.8 Ω. These changes in Rtr and 

Rrec were related to the high conductivity of TiS2, suggesting improved charge transport 

and less recombination in PSCs using UV-ozone exposed TiS2 ETL. Finally, the UV-

ozone TiS2 ETL devices showed a major improvement in efficiency with respect to the 

device with pristine TiS2, as shown in Figure 2.7 (a). Furthermore, the PSC retained 

over 80% of its initial PCEs after 100 h exposure in the ambient environment, indicating 

the application of UVO-treated TiS2 ETL brought high stability for the PSC, as shown 

in Figure 2.7 (b). 

 

Figure 2.7 (a) The measured J-V curves of PSCs applying different materials as ETLs under the 

standard light condition (AM 1.5G, 100 mWcm- 2). (b) The stability of the PSC with UVO-treated 

TiS2 under ambient environment [86]. 

TiS2 (s) has also been reported to be coupled with other existing metal oxides ETLs. 

For example, Huang et al. [27] introduced SnO2/2D TiS2 (s) (~ 20/5 nm, respectively) 

double-layer structures as ELTs, and a remarkable PCE of 21.73% with small hysteresis 

was obtained, compared with the PCE of 18.46% for the pristine SnO2 based PSC, as 

shown in Figure 2.8 (a). An increase in conductivity was found after introducing TiS2 

(s), going from 4.5×10-6 to 7.2×10-6 S/cm. By employing the space charge limited 

current (SCLC) method, they obtained the density of defects and electron mobility 

values for pristine SnO2 and SnO2/TiS2 (s), which were to be 7.1×1016 and  4.4×1016 

cm-3, 2.1×10-4 and 3.1×10-4 cm2V-1s-1, respectively. Comparing these results, by 

modifying SnO2 with TiS2 (s), the surface defects of the SnO2 film can be passivated 
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and the electron transportation can be improved. Moreover, the authors showed that the 

introduction of TiS2 (s) could also contribute to a better energy level alignment in PSC, 

as shown in Figure 2.8 (b). 

 

Figure 2.8 (a) Typical measured J-V curves of the PSCs applying pristine SnO2 and SnO2/TiS2 (s) 

as ETLs under the standard light condition (AM 1.5G, 100 mWcm-2). (b) The energy diagram (in 

dark condition, aligned at the vacuum level) of SnO2/TiS2 (s) ETLs based PSC [27]. 

In conclusion, the advantages of applying TiS2 (s) to PSCs have been reported in the 

literature to be mainly related to its good energy level matching with perovskite, good 

electron transport ability, reduced cell series resistance because of its high conductivity, 

and long-term cell stability due to its low photocatalytic activity. However, strictly 

speaking, the TiS2 discussed above is not pristine TiS2, but oxidized TiS2 due to the 

solution manufacturing processes, which can be seen from their characterization results. 

To compare our results with those of PSCs that applied TiS2 (s) discussed above, 

pristine TiS2 is synthesized by ALD in the present project. Unlike solution processing, 

ALD is carried out in a high vacuum environment and thus the materials deposited have 

high purity and no oxygen atoms will be introduced to react and oxidize the layers. The 

oxidation of ALD deposited TiS2 is expected to be limited to the surface due to air 

exposure when unloading the sample from the ALD chamber. Furthermore, benefitting 

from its self-limiting nature, ALD is a powerful tool to deposit pinholes-free layers, 

avoiding possible shunting pathways in which can be introduced by solution processing 

of transport layers. In addition, the precise thickness control at the nanometer level can 

also bring high controllability and reproducibility.  

The literature reported above shows that PSCs' performance can be greatly improved 

by using UV-Ozone treated TiS2 (s) instead of pristine TiS2 (s). One assumption is that 

pure TiS2 has a semi-metallic nature, leading to a high rate of carrier recombination at 

the ETL/perovskite interface. However, after oxidation, the oxidized TiS2 shows the 

classical properties of n-type semiconductors and can selectively extract carriers. These 

will be discussed in more detail in the next chapter from theoretical and experimental 

studies of TiS2.  
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3 Titanium Disulfide in Literature: Properties and Modifications  

Titanium disulfide has been studied widely in many fields, such as lithium batteries, 

thermoelectric applications, and optical applications. Meanwhile, many different 

technologies have developed this material's preparation pathways, such as solution 

processes, chemical vapor deposition (CVD), ALD, and high-temperature reactions. 

However, the unique properties of this material have not been fully understood yet. For 

example, the discussion on the electrical properties of TiS2 has always been proposed 

and is still under debate. The evidence from both theory and experimental evaluations 

indicate that the energetics of TiS2 is ranging from semiconducting, metallic, or semi-

metallic behavior. However, recently, TiS2 has been reported as a semimetal with a 

small indirect bandgap ranging from 0.16 to 0.5 eV. In this chapter, the general 

properties and the semi-metallic nature of TiS2 explored in literature are discussed. 

3.1 Properties of TiS2 

3.1.1 Structure and Reactivity 

TiS2 is a transition-metal di-chalcogenide with a two-dimensional layered structure. 

Each layer consists of sulfur atoms that form a sandwich structure encapsulating Ti 

atoms with S-Ti-S bonds, in which titanium is sandwiched in the middle of sulfur. Each 

layer is connected to the other in the 2D structure by weak intermolecular van der Waals 

forces, which are very weak intermolecular forces. Each titanium atom is surrounded 

by six sulfur atoms in a single unit cell, forming an octahedral structure. Each sulfur 

atom is bonded with three titanium atoms, with a crystalline geometry with the S 

position being that of a pyramidal structure, as shown in Figure 3.1 below [89]. 

 

Figure 3.1 The crystal structure of the TiS2 and TiS6 octahedral unit: the atom at the center of an 

octahedral represents Ti, and surrounded are S atoms [57]. 

One of the typical properties of TiS2 is its instability when exposed to air, due to its 

oxidation. Long et al. [90] explored the contribution of H2O and O2 to the oxidation of 

TiS2. From their results, when TiS2 is exposed to a pure O2 environment at room 
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temperature, no oxidation products can be observed. Only when the temperature is 

higher than 350 ℃, polycrystalline titanium oxide can be observed to form on the 

surface, indicating that the occurrence of this oxidation reaction requires a higher 

temperature. However, in parallel, TiS2 can be easily oxidized by H2O at room 

temperature. They finally concluded that the kinetic barrier for O2-based oxidization is 

significantly higher than that for H2O-based oxidization, so the main oxidizer for TiS2 

in ambient is H2O. These two oxidation mechanisms are described as equations 3.1 and 

3.2, respectively [91].  

TiS2 + 2H2O(g) → TiO2 + 2H2S(g)                                           (3.1) 

TiS2 + xO2
350 ℃
→    TiS2-xOx + xS2                                                                  (3.2) 

The reactivity of TiS2 is an important element to consider with regards to the 

optimization of material properties (such as energetic, electrical and optical properties) 

for PSCs ETL application, as the oxidation can lead to major changes in these properties, 

which will be discussed later in Section 3.2 and Chapter 5.  

3.1.2 Energy Band Structure of TiS2 from Theoretical Calculation  

The discussion of the energy band structure of TiS2 is somewhat complicated, but 

several studies reported in the literature can be helpful in the evaluation of the energy 

levels and to clarify the behavior of this material. Liu et al. employed first-principle 

calculations to determine the electronic band structures and partial electronic density of 

TiS2, as shown in Figure 3.2 (a) and (b). From their results, the VBM is at the Γ point, 

and CBM is at the L point, forming an indirect 0.5 eV band overlap. The S 3s states 

account for the lowest band between -14.1 and -11.2 eV. S 3p states compose the band 

around -4.7 eV. The sharp peak, which is around -2.7 eV, is due to Ti 3d and S 3p states' 

hybridization. From 0 V to 5 eV, which sits just above the Fermi level, three peaks can 

be identified at around 0.7, 1.9 and 3.1 eV and are all composed of Ti 3d states. However, 

at the Fermi level, it is possible to see that there are occupied states related to the 

hybridization of S 3p and Ti 3d state, shown by the non-zero calculated DOS, indicating 

that TiS2 is actually a semimetal and the low calculated DOS at the Fermi level is around 

0.7 states/eV [92]. 
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Figure 3.2 (a) The calculated energy band of TiS2 and (b) calculated the total and partial densities 

of states by the first principle calculation method from [60]. (c) The calculated energy band 

structure and (d) DOS of monolayer TiS2. The calculations are based on the ab initio density 

functional theory [81]. 

Similarly, Dolui et al. employed another calculation method, i.e., ab initio density 

functional theory, to explore the energy band structure of monolayer TiS2, as shown in 

Figure 3.2 (c) and (d). A 0.08 eV overlapped indirect bandgap was obtained for a 

monolayer TiS2. Like the results mentioned above, the VBM is found to be the Γ-point 

and the CBM is located at L. A hybridization between S 3p and Ti 3d orbitals was also 

found at the Fermi level. Therefore, there are no significant changes compared with 

bulk TiS2. These results are consistent with the results mentioned above, indicating that 

both bulk and monolayer TiS2 are semimetals [93]. 

Apart from the theoretical calculation results discussed above, many other groups’ work 

in the theory scale with different methods employed can support these findings of the 

semi-metallic nature of TiS2 [89, 92, 94-97]. Therefore, it can be concluded that whether 

bulk or monolayer, 2D TiS2 is a semimetal with an indirect bandgap at the range of 0.16 

- 0.5 eV.  

3.1.3 The Origin of the High Conductivity of TiS2  

From experimental results, TiS2 shows a conductivity above 6·105 S/m, which sits 

between that of a metal such as Cu (5·107 S/m) and semiconductors like SnO2 (around 

5·103 S/m) and TiO2 (around 1·102 S/m) [98]. Although it is generally believed that the 

relatively high conductivity of TiS2 originates from its semi-metallic nature, some 

reports show different opinions according to their experimental results.  
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Imai et al. [89] proposed an explanation for the high conductivity based on the 2D layer 

structure of TiS2. Since there are many weak van der Waals interactions between the 

individual planes, in the presence of an excess of titanium atoms in the material, those 

can be intercalated between the layers while introducing electrons in these host TiS6 

octahedral cell. This eventually leads to a high conductivity with a carrier density of 

1020–1021 cm-3. This explanation is supported by resistivity measurements from in-plane 

and out-of-plane of TiS2, with 1.4 Ω·cm and 1.6×10-3 Ω·cm, respectively. These values 

indicate that the conductivity on the surface of TiS2 is much lower than bulk, and the 

origin of the high conductivity may come from the intercalated titanium atoms in the 

weak van der Waals gaps of 2D TiS2 layers, which act as charge donors. 

 

Figure 3.3 (a) The STM figures from the surface of TiS2 (Vg = 1 V, It = 100 pA). (b) The resolved 

STM figure, showing a non-defects region. (c) The observed defects-rich region on the surface of 

TiS2. (d) and (e): the recorded dI/dV spectrum from the marked green circle point in (b) and the 

marked blue defect circle in (c). (f) The calculated DOS for bulk TiS2 and the considered intrinsic 

defects. VBM and CBM are represented by the dashed lines [96]. 

Wang et al. [96] proposed that the origin of TiS2 ‘s high conductivity is due to defects 

induced by heavy self-doping. From their scanning tunneling microscopy (STM) 

images shown in Figure 3.3, many dominant defects can be seen on the surface of 

pristine TiS2. Two points at the pristine TiS2 region (the marked green circle inFigure 

3.3 (b)) and defect-rich region (the marked blue circle in Figure 3.3 (b)) were selected 

to record the dI/dV spectrum, which reflects the DOS distribution. At the point of 

pristine TiS2, a bandgap of about 0.5 eV was detected from the recorded dI/dV spectrum 

shown in Figure 3.3 (d). Furthermore, the Fermi level, which is at 0 eV, is very close to 

the conduction band's onset, indicating a marked n-type behavior. However, in the 
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defect-rich region, an obvious defect-derived peak can be observed within the bandgap 

region, located at about -0.25 eV.  

To identify what defects are responsible for these DOS in the bandgap, the DOS 

distribution related to all different defects in TiS2 was calculated by quasi-particle GW 

calculations. Many defects were considered, including vacancies (referred to VTi and 

VS), interstitials (referred to Tii and Si), S substitution on Ti (referred to STi) and a Ti 

Frenkel pair (referred to TiF). The results are shown in Figure 3.3 (f), which shows the 

defects' DOS distribution. Only the interstitial titanium, Tii, defects generate an obvious 

DOS within the bandgap of pristine TiS2. All the other defects do not form a state in the 

bandgap. Therefore, the main defects observed by STM can be assigned to the Tii defect. 

Finally, they concluded that stoichiometric TiS2 has a narrow bandgap of around 0.5 eV 

and the high conductivity of TiS2 originates from the intrinsic defects rather than the 

semi-metallic nature. 

Although the reasons for TiS2 ‘s high conductivity is still under debate, it is generally 

found that there is only a very narrow indirect bandgap existed in the energy band levels 

of pristine TiS2, both theoretically and experimentally. With such a narrow bandgap, it 

is impossible to effectively block the hole transportation at ETL and perovskite 

interface, resulting in the recombination of electrons and holes. As a result, there is no 

selectivity at the interface of a semi-metallic ETL and perovskite. Therefore, the energy 

band structure of pristine TiS2 has to be adjusted before applying it in PSCs, and a wider 

bandgap is required. 

3.2 The Energy Band Modification of TiS2  

Since the semi-metallic TiS2 even with a narrow 0.5 eV bandgap cannot meet the 

requirement for an efficient ETL, which is the purpose of this project, it is necessary to 

find a way to modify its energetics to that of a wide bandgap semiconductor, which 

could realize the selective carrier extraction from the perovskite absorption layer.  

As discussed in Section 3.1, TiS2 is easily oxidized after air exposure. The reaction 

product, TiO2, has been widely studied and is known to be a wide bandgap 

semiconductor. Therefore, oxidation may be an effective route to expand the original 

narrow indirect bandgap of TiS2. Some experimental results have proved that after 

oxidation, the oxidized TiS2 is no longer a semimetal but becomes an n-type 

semiconductor with a wider bandgap [5].  

Several reports also found that based on the enhanced oxidation and the synergy of TiS2 

and TiO2 layers, it is possible to adjust the electronic properties and optical properties 

of pristine TiS2, resulting in a semimetal to semiconductor transition [67-78]. With 

oxygen participation, an energy band structure with a bandgap range from 0.7 to 1.7 eV 

can be obtained in many cases, resulting in an n-type semiconductor. 
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For example, Nam et al. explored ALD processed TiS2 with TDMATi and H2S gas as 

the precursor and co-reactant at a growth temperature of 180 ℃. The TiS2 was stored 

at ambient conditions and the oxidation process discussed in Section 3.1.1, Equation 

3.1, leading to the formation of a layer with an intermediate composition corresponding 

to TiO2-xSx, as the detected oxygen seen from their XPS spectrum shows in Figure 3.4 

(c). The XPS spectra for S2p and Ti2p are shown in Figure 3.4 (a) and (b). Meanwhile, 

an indirect bandgap value of`0.71 eV was obtained from the Tauc plot analysis of the 

UV-Vis absorption spectrum, indicating that the TiO2-xSx thin film obtained has a 

semiconducting nature. These results show that oxidized TiS2 has the energy band 

structure of a semiconductor. This observation may explain why the UV-Ozone treated 

TiS2 (s) has better performance in PSCs, as reported by Huang et al. [86]. After UV-

Ozone treatment, the semi-metallic nature of TiS2 (s) has been suppressed and the wider 

bandgap may help transport electrons selectively but block holes [91]. 

 

Figure 3.4 (a) XPS spectrum of S2p (a), Ti2P (b), O1s (c). (d) The tauc plot of TiO2-xSx thin films 

from the UV-Vis absorption spectrum [5]. 

Furthermore, it is found that the high-oxygen content in TiO2-xSx formed by S-doping 

TiO2 can lead to a deeper CBM position and thus reduce the energy level difference 

between ETL and perovskite, suggesting a smoother electron transfer [99]. 

Simultaneously, the introduction of S brings higher conductivity, which reduces the 
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series resistance of PSCs, thereby increasing the short-circuit current density. The 

overview of the discussed energy band modification of TiS2 is shown in Figure 3.5 

below. 

  

Figure 3.5 The energy band modifications of TiS2, a) pristine TiS2, b) surface oxidation, c) solution 

oxidation, and d) S doped TiO2 from the literature [86, 91, 92, 99]. 
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4 Experimental Methods and Characterization Principles  

4.1 Atomic Layer Deposition  

Atomic layer deposition (ALD), in its infancy referred to as atomic layer epitaxy (ALE), 

is a thin film deposition technique that resembles chemical vapor deposition (CVD) 

[100]. It was first proposed by Finnish scientist Tuomo Suntola [100] in the 1970s for 

the deposition of polycrystalline fluorescent ZnS and then gradually expanded with the 

development of processes for the growth of uniform semiconducting or 

superconducting films such as oxides, metals, nitrides, carbides, and silicides [100]. 

Since the 1990s, ALD has also been applied in the field of photovoltaic. It has been 

widely used in optical and optoelectronics [2] and in silicon solar cells, thin-film solar 

cells, and organic solar cells in recent years. As PSCs' research is blooming, ALD is 

also considered a powerful tool to deposit high-quality functional layers for PSCs. In 

this project, the investigated material for PSCs application, TiS2, is deposited with an 

ALD process. 

4.1.1 Principles of Atomic Layer Deposition 

As a thin film growth technique, ALD is carried out in a high vacuum environment to 

avoid contamination from gases such as O2 and CO2 in the air. These gases may cause 

undesired oxidation of the deposited films or negatively affect the growth process 

leading to undesired results. In an ALD process, the reaction that occurs on a substrate's 

surface is limited by the self-saturation characteristic of the physical and chemical 

adsorption processes, leading to a controllable growth rate. This allows obtaining thin 

films with excellent uniformity and homogeneity.  

As shown in Figure 4.1, ALD is a cyclic deposition process that can be split into several 

steps [101]. 
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Figure 4.1 Schematic representation of a typical ALD process. (a) natural functionalization 

available groups/sites are on the surface of a substrate, which can absorb or react with 

precursor A. (b) Precursor A will be pulsed and be absorbed on the substrate surface. (c) When 

the first half-reaction reaches saturation, reaction byproducts and excess precursor A will be 

purged with a carrier gas. (d) The co-reactant (precursor B) will be pulsed and can react with 

absorbed precursor A. (e) When the second half-reaction reaches saturation, reaction 

byproducts and excess precursor B will be purged with a carrier gas. (f) ALD cycles are 

repeated to get the specific thickness of the film [101]. 

The first half cycle consists of two steps. The first one is a dosing step for the first 

precursor molecule. A precursor molecule is usually a coordination complex, such as a 

metal-centered metal with several chemical functional groups (called ligands) bonded 

to it. Normally, for liquid precursors, there are two pathways to deliver them to the 

reaction chamber. The first is vapor drawn, which can be used only for precursors with 

a high vapor pressure at room temperature. In this case, there is no carrier gas flow 

inside the precursor container, and the precursor vapors are mixed with a carrier gas at 

the container outlet, which brings the precursor to the reaction chamber. Another 

pathway is using bubblers. In this case, a carrier gas is bubbled through the liquid 

precursor to extract precursor vapor. The precursor vapors mixed with the carrier gas is 

then delivered to the reaction chamber from the bubbler's outlet. This is mostly used for 

precursor with not-sufficient vapor pressures. For solid precursors, the delivery process 

often includes a sublimation process or make them uniformly dispersed in a carrier 

liquid. 

In the first half-cycle, the precursor A will be dosed in the reaction chamber, and it will 

adsorb on the substrate in a self-limiting way, as shown in Figure 4.1 (a)-(c). This step 

requires the precursor to neither react with itself in the gas phase nor react with 
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molecules that have already been adsorbed on the substrate. After this step, a long 

enough purging step will be carried out to remove the reaction by-products and the 

excess unreacted precursor molecules from the reaction chamber.  

Similarly, the second-half cycle includes two steps, but this time, the co-reactant is 

instead dosed on the substrate explicitly to react with the adsorbed precursor molecules. 

This reaction also happens in a self-limiting way. After the reaction, another purging 

step will be performed to remove the reaction by-products and unreacted reactants. 

These two half-cycles make up one ALD cycle. Due to the ALD reaction’s self-limiting 

nature, it is possible to control the deposited films' thickness at the Angstrom level and 

highly uniform films can be grown homogeneously on even rough substrates. Ideally, 

each ALD cycle can produce a monolayer of the deposited material. However, due to 

the limited surface sites on the substrate and the steric hindrance of the precursors’ 

molecules, the growth per cycle (GPC), which can be calculated by dividing the 

deposited thickness by the total number of cycles performed, usually amounts to a 

thickness that is less than that of one monolayer [102, 103].  

Each ALD process requires specific conditions to achieve self-limiting growth. This 

condition, defined as the ALD window, can be evaluated by plotting the obtained 

growth per cycle as a temperature function. As shown in Figure 4.2, in an ideal ALD 

process, the GPC should not depend on the temperature, as indicated by a horizontal 

line in a temperature window [103]. However, when the temperature is outside this 

range, the ALD behavior will be affected, and several physical and chemical processes 

can happen [103]. At low temperatures, the thermal energy may be insufficient to 

activate the process and therefore a low growth rate is reported. Furthermore, precursor 

molecules can condense on the surface because of the low temperature and lead to an 

enhanced growth rate. When looking at the high-temperature region, a high film growth 

may occur due to the decomposition of the co-reactants and precursors, leading to a 

CVD process. Also, the film itself may desorb and reduce the growth rate if the 

temperature is too high. 
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Figure 4.2 Schematic of the temperature window of an ALD process. Condensation: because of 

low temperatures, precursors can condense on the surface and lead to accumulated thickness; 

Low reactivity: low temperatures cannot provide enough energy to complete reactions and lead 

to low growth; Decomposition: when precursors decompose at high temperatures, a parasitic 

CVD process can happen and lead to the growth; Desorption: high temperatures can lead to 

the film itself desorb, and therefore reduce the growth of layers [103]. 

Metal oxides, such as TiO2 [103, 104], Al2O3 [105], and ZnO [106], have been widely 

studied to get ideal ALD growth with excellent film quality. This class of materials also 

has been proven to play an essential role as charge transport layers and passivation in 

PSCs, as discussed in Chapter 2. ALD, contrary to solution-processed metal oxides, 

offers low-temperature growth, precise thickness control, good shape retention and high 

uniformity. These benefits can overcome the shortcomings of traditional methods. For 

this reason, ALD could be an ideal tool for efficient and stable PSCs [107]. Its main 

PSCs' applications include electron and hole transport layers, surface passivation layers, 

recombination layers and perovskite encapsulation [108]. 

4.1.2 Atomic Layer Deposition Setup 

In this work, ALD processes are carried out in a Flex-AL2D reactor, schematically 

represented in Figure 4.3 [109]. 
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Figure 4.3 Schematic diagram of the Flex-AL2D reactor: from top to bottom, (a) an entry for gases 

(Ar, H2S, and O2) is located at the top of the reactor. These gases can be turned into Ar, H2S, or O2 

plasma by igniting it with the inductively coupled plasma source (b). The power can be adjusted by 

an electronic circuit (g). A heated table (e) is located in the reaction chamber (d), where substrates 

can be placed. On the two sides of the reaction chamber, an in-situ spectroscopic ellipsometer (c) 

can be installed to measure the optical properties of the layer that is being deposited, extracting its 

thickness and optical properties. Several pumps (f) are installed at the bottom of the reactor and 

can pump the reactor chamber to a processing base pressure. These pumps also can pump the 

reaction by-products and excess input gases in the ALD process. The precursor bubbler (i) on the 

right is where precursors can be transported to the reaction chamber by a carrier gas (Ar here). 

Another gas supply line (h) can be employed to purge the reactor chamber with Ar. 

The reactor chamber (d) is equipped with a flat heated table (e), with a heating 

temperature range of 25 - 400 ℃. The chamber's wall temperature is independent of the 

table temperature and can be changed from normal room temperatures up to 150 ℃. 

Several pumps (f) are installed to get to the required vacuum levels inside the reaction 

chamber. The precursor needs to be in a gas phase when they take part in the first half-

cycle reactions, therefore depending on the precursor, a heatable stainless-steel 

precursor bubbler (i) is employed to hold the precursor. To transport the precursor to 

the ALD chamber, an Argon gas flow is employed via aluminum film covered tubes (h), 

which are also heated to prevent condensation. Similar conditions are applied to the 
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exhaust lines.  

As shown in Figure 4.3, an inductively coupled plasma source (b) is installed on the 

top of the reactor and is used for plasma-enhanced ALD. Compared with normal gases, 

plasma has more reactive species (ions, electrons, and radicals), making it possible for 

high-temperature reactions to happen even at low temperatures. The power of the 

plasma can be controlled by an electronic circuit (g).   

The ALD reaction chamber allows for installing external equipment to study the 

reactions taking place during the ALD process. For example, an in-situ spectroscopic 

ellipsometer (c) can be installed outside the ALD reactor to measure the film's optical 

parameters and determine its thickness evolution.  

4.1.3 ALD Processes of TiS2 and TiO2 

As described in Chapters 2 and 3, the research focus in this project is TiS2 and TiO2. 

For the ALD processes of TiS2/TiO2, several precursors have been reported to be used 

in literature, such as titanium chloride (TiCl4) [110], titanium iodide (TiI4) [111], and 

tetrakis(dimethylamino)titanium (TDMATi) [112]. A summary of the literature reported 

processes for the ALD growth of TiS2 and TiO2 can be seen in Table 4.1. 

Table 4.1 The summary of ALD components of TiS2 and TiO2. 

Materials Precursor Co-reactant GPC (Å) Tem. (℃) Ref. 

TiS2 TDMATi H2S plasma 2.3 200 [112] 

TiS2 TDMATi H2S 0.5 180 [113] 

TiS2 TiCl4 H2S 0.15 400 [114] 

TiO2 TiCl4 H2O 0.42 300 [110] 

TiO2 TiI4 H2O 0.18 445 [111] 

TiO2 TiF4 H2O 0.5 500 [104] 

TiO2 TDMATi O2 plasma 0.6 100 [115] 

Halide precursors can produce undesirable toxic gases or acids as reaction by-products, 

such as Cl2 and HCl [110]. These species may be harmful to the ALD reactor and usually, 

careful waste management is required. Furthermore, in many investigations, processes 

with TDMATi delivered a higher growth per cycle GPC (~0.5 Å) compared to processes 

using TiCl4 (~0.15 Å) [102, 110]. For these reasons, TDMATi has explicitly been 

selected in this investigation. As shown in Figure 4.4, a TDMATi molecule consists of 

a centered titanium atom and four bonded N(CH3)2 ligands. It has high volatility (with 
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a vapor pressure of 0.1 Torr at 25 ℃) to be delivered by either vapor draw or bubbling.  

Figure 4.4 The chemical structure of a TDMATi molecular. 

Therefore, using TDMATi as the precursor, the shorter processing time is expected, 

beneficial for both research and industrial applications [101]. In combination with 

TDMATi, oxygen (O2), water (H2O) also selected for the growth of TiO2 films in this 

project and ozone (O3) have been employed as co-reactants to grow TiO2. To instead 

grow TiS2, usually TiO2 is firstly deposited and a thermal sulphurization process is used 

to convert TiO2 to TiS2 [116]. However, recently, Saravana Balaji Basuvalingam within 

the PMP group developed ALD processes, employing H2S as the co-reactant, for the 

growth of TiS2 and proved that is possible to produce high-quality thin films in a range 

of temperatures (100-150 ℃) [112], which is an advantage because the TDMATi 

precursor decomposes at temperatures above 180℃. The substrate used in the project 

(ITO-covered glass) can only withstand temperatures below 300 ℃ to prevent its 

degradation [117]. 

In this work, both TiS2 and TiO2 depositions are carried out at a table temperature of 

100 ℃. The temperature of the chamber wall is also kept at 100 ℃. During the ALD 

process, the reactor's base pressure is 5×10-6 mTorr, whereas the operating pressure is 

200 mTorr. The precursor's bubbler is heated to 50 ℃. To prevent precursor and by-

products condensation and adsorption on the dosing line's walls, the inlet and exhaust 

lines are kept at 75 ℃.  

Generally, before any ALD deposition, the reactor chamber is covered with an 

aluminum oxide layer (deposited via a thermal ALD process) and afterward with the 

target material such that as little as possible contamination from previous ALD 

processes could occur. In this case, Al2O3 is followed by either TiS2 or TiO2, depending 

on the process being carried out afterward. In the case of TiO2 processed after TiS2, the 

reaction chamber is conditioned with an additional step before the growth of Al2O3. An 

SF6 plasma is ignited for 10 mins and followed by the deposition of 200 cycles of Al2O3 

via standard thermal ALD and deposition of 200 cycles TiO2 itself. In the case of TiS2 

processed after TiO2, the conditioning processes include a deposition of 200 cycles 

Al2O3 via standard thermal ALD and a deposition of 80 cycles TiS2 itself. 

The schematics of the ALD cycle for TiS2 and TiO2 are shown in Figure 4.5, and the 

processes are discussed in detail below.  
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TiS2 ALD process: The first half-cycle begins by dosing the precursor to the reaction 

chamber for 4 seconds. In this step, argon is used as a carrier gas to bubble the precursor 

which is kept at 50 ℃. After that, the reactor chamber is purged with Ar gas to remove 

the reaction byproducts and left-over precursor molecules for a period of 20 seconds. 

In the second half cycle, a mixture of Ar (10 sccm) and H2S (40 sccm) gases 

(both >99.98% pure) is supplied as the co-reactant and dosed into the chamber for 30 

seconds. After this step is finished, the reaction by-products and unreacted gases are 

purged and pumped away with Ar (300 sccm) for 30 seconds. Finally, all these steps 

are repeated for a predefined number of cycles depending on the targeted thickness, 

assuming a GPC of 0.125 nm.  

 

Figure 4.5 The schematic of one thermal ALD cycle for TiS2 a) and TiO2 b) at 100 ℃. 

TiO2 ALD process: The first half-cycle uses the same precursor TiS2 deposition, but the 

dosing time, in this case, is 1 s and the purging step lasts for 2.5 s. In the second half-

cycle, H2O is employed as the co-reactant molecule with a dosing time of 1 s and a 

reaction step of 1 s. After this, Ar is also used to purge and pump away the reaction 

byproducts and left-over products for 9 seconds.  
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4.2 Structural and Compositional Characterization Techniques 

4.2.1 X-ray Diffraction (XRD) 

 

Figure 4.6 Schematic representation of a) the set-up of the X-ray diffraction characterization and 

b) working principle: when the Bragg’s diffraction law is satisfied, the X-ray diffraction occurs 

between two crystal planes, and these X-rays can interfere with each other to generate high 

intensities [118].  

The schematic and working principle of an XRD set-up is shown in Figure 4.6. The 

main components include an X-ray tube, a sample table and a detector. In the X-ray 

tube, the monochromatic X-rays are generated. When the X-rays impinge on a 

crystalline material, they can be diffracted by the periodic crystalline features and then 

detected by the detector. As shown in Figure 4.6 (b), in crystalline materials, the lattice 

is composed of structures that repeat in an ordered way. Because the distance between 

these planes is the same order of magnitude as the wavelength of X-rays, the X-rays 

scattered by different atoms will constructively interfere with each other, producing 

strong intensities in specific directions. The orientation and intensity of the diffracted 

X-rays are closely related to the crystal structure [118, 119]. The X-ray scattering can 

be described by Bragg's diffraction law, as presented in equation 4.1: 

𝑛λ = 2dsinθ                            (4.1) 

where n is an integer (only when the optical path difference between two adjacent 

planes is n times the wavelength of the incident X-ray beam, the diffraction can occur), 

λ is the wavelength of the incident X-ray beam, θ is the angle of incidence X-rays, and 

d is the distance between the diffracted atomic lattice planes. 

As shown in Figure 4.6 (a), by rotating the detector, the diffracted X-rays' intensity at 

each 2θ angle can be detected. The measured diffracted angles can be compared with 

the XRD database to identify the material. Furthermore, it is possible to calculate the 

unit cell parameters and evaluate the presence of different oriented crystals or phases 

within the sample. 
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In this project, a PANalytical X′Pert Pro MRD analyzer was employed with an X-rays 

source corresponding to Cu Kα, 8.04 keV, 0.154 nm. XRD measurements were 

employed to verify the perovskite layers' crystallinity deposited on ALD layers. To 

analysis the XRD data obtained, the Jade 6.5 analysis software was employed to find 

the crystalline phase of samples tested from its XRD pattern database.  

4.2.2 X-ray Photoelectron Spectroscopy (XPS)  

Working principle 

The working principle of an XPS measurement is the photoelectric effect: when a 

photon with an energy hv radiates on a sample's surface, a single photon transfers all its 

energy, hv, to a bound electron in the atom, as shown in Figure 4.7. If the energy hv is 

higher than the binding energy Ebin of the bound electron in the atom, then the excess 

photon energy is converted into the electron's kinetic energy and the electron can be 

emitted from the atom as a photoelectron, with the atom itself becoming an excited ion 

[120].  

Based on Einstein's law of photoelectric emission, the energy exchange between the 

photon and the electron is balanced according to the following equation: 

                        ℎ𝑣 = 𝐸𝑏𝑖𝑛 + 𝐸𝑘                      (4.2) 

where Ek is the kinetic energy of an emitted electron, hv is the energy of the incident X-

ray photons (Al Kα, 1486.7 eV, in this research), Ebin is the binding energy of an electron 

in a bonded state (also called: ionization energy). 

 

Figure 4.7 Schematic of the photoelectric effect [120]. 

When photons interact with a sample’s surface, the number of photoelectrons emitted 
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from each energy level in the atom is different and is defined as the probability of 

photoemission. This probability is defined by the photoelectric effect cross-section σ, 

which is related to the average radius r of the orbit where the electron is located, the 

incident photon frequency v, and the atomic number Z of the excited atom. The larger 

σ is, the more easily the electrons in this energy level can be excited by light and the 

stronger the photoelectron peak will be obtained [121]. Each element has a specific 

energy level that can emit the largest number of photoelectrons, leading to the strongest 

photoelectron spectrum, which can be used to analyze the sample. For example, when 

XPS analyzes low radius elements, the s orbit is usually the one analyzed (C1s, O1s, 

etc.) [122]. 

However, when the sample is contacted with another solid material, XPS's energy levels 

need to be corrected [122]. Figure 4.8 shows the energy diagram of the photoelectric 

process of the solid sample in an XPS setup. Here Ws is the work function and then the 

energy is balanced with the following formula: 

                      ℎ𝑣 = 𝐸𝑏𝑖𝑛 + 𝐸𝑘 +𝑊𝑠                           (4.3) 

In an XPS set-up, the sample and spectrometer material's work function are different 

(W′ is the spectrometer's work function). However, the solid samples are in good 

contact with the spectrometer and are grounded, so their Fermi levels should be at 

aligned. Therefore, when an electron with kinetic energy Ek passes through the space 

between the sample and the spectrometer's entrance, the kinetic energy will be affected 

by the potential contact difference (δW) between the spectrometer and the sample, 

making its kinetic energy become Ek′. It can be seen from the figure that this can be 

described with the following energy relationship: 

                      𝐸𝑘 +𝑊𝑠 = 𝐸𝑘′ + 𝑊′                          (4.4) 

Substituting equation 4.4 into 4.3, we can get: 

                      𝐸𝑏𝑖𝑛 = ℎ𝑣 − 𝐸𝑘′ − 𝑊′                         (4.5) 

 

Figure 4.8 scheme of the energy band diagram of a solid sample's photoelectric 

process in an XPS analyzer [122]. 
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For a specific XPS set-up, the work function W′ of the instrument is fixed if the 

instrument conditions are kept constant, e.g if the instrument itself doesn’t change. 

According to Equation 4.5, as long as the photoelectron kinetic energy Ek′ is measured, 

the binding energy Eb of different orbital electrons of an atom in the sample can be 

calculated. Since the binding energy Eb is only related to the element and its orbit, it 

can be employed for qualitative analysis of materials [123].   

XPS Set-Up and applications 

The structure of a typical XPS set-up is presented in Figure 4.9. The main components 

are b) an X-ray source, c) a hemispherical energy analyzer, d) an electron extraction 

lens and f) a detector. To avoid electron collisions and thus ensure that the electrons' 

kinetic energy is not lost, the analysis chamber is in an ultra-high vacuum (10-6 mbar). 

 

Figure 4.9 Scheme of a typical XPS spectrometer. The key components are an a) X-ray 

monochromator, b) X-ray source, c) hemispherical energy analyzer, d) extraction lenses, e) 

sample holder, and f) detector for electrons [121]. 

As discussed earlier, each element is characterized by a specific electron binding energy, 

which is related to the strongest photoelectron spectrum. To collect the characteristic 

spectrum, the electrons could be selectively filtered in a hemispherical energy analyzer 

based on their kinetic energy, as shown in Figure 4.9 (c). A potential difference is 

applied between the analyzer's walls and subsequently, an electrostatic field is 

generated. When electrons with different kinetic energy arrive at the analyzer, only 

those with a certain speed can move in the defined hemispherical trajectory, while the 

others will just collide with the wall. Therefore, electrons with specific kinetic energies 

can be collected and analyzed [121]. 

The characteristic XPS spectrum is commonly used to evaluate the composition of 

materials. Because each element or chemical bond has its characteristic binding 
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energies, the main peak position detected in an XPS spectrum can be compared with 

literature values and standard database [124]. Furthermore, the relative elemental 

composition of the sample can also be quantitatively estimated. To do this, the peak 

area needs to be converted into the concentration of the corresponding element. The 

magnitude of photoelectron intensity mainly depends on the amount of the element 

being measured within the sample. However, in the measurements, the results obtained 

by directly measuring the intensities have large errors. This is because different 

elements or electrons at different energy levels within the same atom have different 

photoelectric cross-sections, so the probability of photoionization is different [124, 125]. 

To reduce the errors, relative sensitivity factors (RSF) are usually used to scale the 

measured peak areas so that variations in the peak areas are representative of the amount 

of material in the sample surface. Moreover, XPS is also employed to measure the 

valence band spectrum of materials. Since there is a steep increase seen from counts at 

the VBM energy (the energy level difference between the Fermi level and the valence 

band: EF - EV), the VBM can be estimated by slowly scanning the first few electronvolts 

(eV) of binding energies. Furthermore, the Fermi level should be calibrated by 

measuring and aligning at gold‘s Fermi edge. [125]. This makes it possible to identify 

the materials' energy band structure (limitedly to the valence band) by checking and 

comparing the VB spectrum's shape.  

Evaluation steps of an XPS Spectrum 

Correction of charging effect: when XPS is employed to measure insulators or 

semiconductors, because of the continuous emission of photoelectrons, there is no 

electron replenishment on the surface of the sample. This phenomenon is called the 

"charging effect" [124]. The charging effect will form a stable potential on the sample's 

surface, which has a certain binding effect on the escaping electrons, making the 

measured binding energy deviate from the true value.  

The most commonly charging effect correction is to use the C1s binding energy of 

carbon as the reference peak for calibration [124]. The difference between the measured 

value of C1s and the reference value can be used for the charge correction (Δ), which 

is applied to correct and calculate other elements' binding energy in the spectrum. To 

do this, the binding energy of the XPS spectrum of the element to be analyzed is added 

to the calculated Δ to obtain the correct peak position. 

XPS survey scan: XPS survey is generally employed to determine the presence or 

absence of an element in a sample. For a sample whose chemical composition is 

completely unknown, the sample surface's chemical composition can be preliminarily 

determined by XPS survey analysis (except for H and He) [124]. The XPS survey 

scanning range is generally from 0 to 1200 eV, as the strongest peaks of almost all 

elements are in this range. However, the signal obtained by the full spectrum analysis 

is relatively rough due to a poor signal-to-noise ratio, related to the quick nature of the 
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measurement with also uses large energy steps. The survey scan cannot give a 

quantitative representation of the composition [124].  

High-resolution scanning for elements: To analyze a specific element's chemical state, 

a high-resolution narrow scan is carried out to detect an accurate peaks position and 

standard peak width. These show the characteristic peaks of a particular chemical 

bond/phase [124]. Furthermore, the binding energy range needs to be large enough to 

allow to detect the entire range of energies that correspond to different chemical states 

of the measuring element, this range is usually 10 ~ 30 eV for each main photoemission 

peak of any given element. Moreover, by scanning multiple times at the same BE 

interval, a better signal to noise ratio can be obtained. By limiting the scanned energy 

range and performing multiple scans on the same range, it is possible to obtain a cleaner 

spectrum and thus more precisely separate the contributions of different chemical states 

with a more precise fitting which results in a more precise identification of the 

composition of the sample. 

4.3 Optical and Energy Level Characterization Techniques 

4.3.1 Spectroscopic Ellipsometry (SE) 

 

Figure 4.10 Schematic of the working principle of SE measurements. A linearly polarized plane 

wave will be incident reflected on the measured sample under an angle Φ. After that, the incident 

wave will be transferred to an elliptically polarized wave [126]. 

The working principle of SE measurements resides in the polarization of light as a result 

of the interaction with the sample surface. Specifically, when a linearly polarized wave 

is reflected from the surface will have undergone a change in its polarization state, 

becoming elliptically polarized, as shown in Figure 4.10. As a non-invasive technique, 

SE is usually employed to measure the thickness and extract the dielectric properties 

from a thin-film sample [126]. By detecting the reflected light through an analyzing 

polarizer filter, the ratio of the amplitude of light oscillating perpendicular to the plane 

of incidence (Rs) to light oscillating parallel to the plane of incidence (Rp) can be 

measured [126]. As shown in Equation 4.6, the optical constants can then be calculated 
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from the reflectance ratio 𝜌, including the amplitude ratio of incident and reflected wave 

(Ψ) and the phase difference between incident and reflected wave (Δ). 

ρ =
Rs

Rp
=tan(Ψ) exp (iΔ)                     (4.6) 

For this research, ellipsometry was performed using a spectroscopic ellipsometer UV 

VASE® Ellipsometer M2000D, J.A. Woollam Co. The thin-films were deposited on 

crystalline silicon substrates, covered with 450 (±5%) nm silicon dioxide. To obtain the 

aforementioned dielectric properties (refractive index n, extinction coefficient k), the 

polarization differences are determined for a broad spectral range from 1.25 eV until 

6.5 eV (for UV-SE), or from 0.75eV to 5.00 eV (for NIR-SE). The reflection angle is 

varied between 65° and 75° in steps of 5° for ex-situ measurements. The chosen angles 

should be close to the substrate's Brewster angle (for Si, the Brewster angle is 70°) to 

obtain the best sensitivity. To obtain the thickness of the films used in this project, the 

measured SE data are fitted using a B-spline oscillator model. Furthermore, the n and 

k values of the film can be extracted from the model. From the dielectric function shown 

in Equation 4.7, the k has been used to calculate the absorption coefficient α: 

α=
4𝜋𝑘

𝜆
                             (4.7) 

where λ is the incident light’s wavelength. Finally, the optical bandgaps of the sample 

could be determined by checking the photon energy at which (αhv)2 (for direct bandgap) 

or (αhv)1/2 (for indirect bandgap) shows a sharp increase. 

4.3.2 Ultraviolet-Visible-Near Infrared Spectroscopy (UV-VIS-NIR) 

UV-VIS-NIR is a tool that can measure the transmittance and reflectance of material in 

a broad wavelength range (200-3000 nm) [127]. The light emitted by the light source 

will pass through the sample, and a detector will capture the attenuated light after being 

absorbed by the sample. From the intensities of incident light (Iin) and transmitted light 

(Itran), the transmittance T can be determined by the following equation: 

  𝑇 = 𝐼𝑡𝑟𝑎𝑛/𝐼𝑖𝑛                      (4.8) 

From the transmittance T, the absorbance A can be calculated: 

  𝐴 = 2 − log(𝑇)                     (4.9) 

Furthermore, the absorption coefficient α can be calculated: 

                               𝛼 = 2.303 ∙ 𝐴/𝑡                    (4.10) 

where t is the thickness of the thin film.  

Lastly, the bandgap can be determined by plotting the absorbance versus the wavelength 

using the following equation: 
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  𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝐸𝑔)
𝑛

                 (4.11) 

where Eg is the optical bandgap, hv is the photon energy, which can be transferred from 

the wavelength. The power factor n depends on the type of bandgap. For a direct 

bandgap, n is 1/2, while for an indirect bandgap n is 2. The bandgap values can be 

obtained by the linear extrapolation of the on-set edge of the hv - (αhv)n graph [127]. 

4.3.3 Ultraviolet Photoelectron Spectroscopy (UPS) 

Like XPS, UPS is a characterization tool used to measure solid materials’ surfaces based 

on the photoelectric effect. In theory, XPS can detect the electronic structure of the 

valence band of a solid sample, due to the high energy photons employed, the 

photoionization cross-section for the valence band electrons is very small and the 

information that can be gained is limited. This issue was solved when in 1962, British 

scientist D. W. Turner et al. [128] produced a photoelectron spectrometer with 

ultraviolet light as a light source and managed to analyze the valence state of electrons 

in molecules. Subsequently, this characterization technique has been widely applied to 

study the valence band of solid materials and became generally known as ultraviolet 

electron spectroscopy (UPS) [128]. During a UPS measurement, the sample's surface-

related properties can be obtained by analyzing the binding energy distribution of the 

emitted photoelectrons. Since the energy of UV light (He I 21.22 eV) is much smaller 

than that of X-ray (1486.7 eV)  and the line width is also narrower (about 0.01 eV), 

only outer valence electrons or valence band electrons with binding energy less than 

the energy of UV light can be excited, which results in having an escape depth of 

electrons excited by photons of about 10 - 20 Å below the surface[129]. Therefore, 

when the deposited thin film increases to a certain thickness, the signal from the 

substrate will be shielded by the film. At this time, the UPS spectrum will reflect the 

molecular orbital information of the deposited thin film. The valence band and the 

secondary electron cut-off peak are analyzed to obtain the sample's band structure and 

surface state distribution [129]. However, certain sample requirements, such as good 

conductivity of the sample surface and relatively low thickness for insulating films 

should be considered.  
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Figure 4.11 Schematic of the UPS analysis principle for a metal substrate/semiconductor 

interface: a) the energy level diagram; b) typical UPS spectra of the metal substrate and 

semiconductor, where the binding energy as the abscissa. Ek
max is the maximum kinetic energy of 

photoelectron from the material, Ev is the vacuum level, EF is the Fermi level, EG is the bandgap, 

EVBM is the valence band maximum value with respect to the Fermi level, WF is the work function, 

IE is ionization energy, EA is electron affinity, hv is the incident photon’s energy.  

After a semiconductor thin film is deposited onto the metal substrate (assuming there 

are no chemical reactions and in a thermodynamic equilibrium condition), their Fermi 

levels will be aligned, as shown in Figure 4.11 (a). The energy shift in the on-set edge 

in the UPS spectrum represents the energy difference between the valence band and the 

Fermi level of the thin film, the so-called valence band maximum (VBM) value [129].  

As shown in Figure 4.11 (b), by performing a linear extrapolation at the cut-off and on-

set edges of the thin film’s UPS spectrum, the values for Ecut-off and Eon-set can be 

obtained. Together with the work function EF measured for the substrate and the known 

hv, some additional important energetic parameters of the thin film can be determined, 

such as the WF and the ionization energy (IE) of the deposited film. The equations for 

WF and IE calculations are as follows: 

              {
𝐼𝐸 = ℎ𝑣 − (𝐸𝑐𝑢𝑡−𝑜𝑓𝑓 − 𝐸𝑜𝑛−𝑠𝑒𝑡)

𝑊𝐹 = 𝐼𝐸 − 𝐸𝑉𝐵𝑀 = ℎ𝑣 − (𝐸𝑐𝑢𝑡−𝑜𝑓𝑓 − 𝐸𝐹)
              (4.12) 

In metals, Eon-set and EFermi are at the same energy level, therefore the IE and WF are the 

same. In semiconductors, Eon-set and EFermi are at different levels. Their IE and WF are 

not at the same energy level, so VBM values can be obtained from their UPS spectra. 

Insulators have similar energy band structures with semiconductors but wider bandgaps 

[129].  
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Figure 4.12 Energy band diagram of a semiconductor and the techniques employed to 

evaluate their energy levels [130]. 

As shown in Figure 4.12, both UPS and XPS can be applied to extract the energetic 

features near the VBM region of materials, but, as mentioned, more accurate VBM and 

WF values can be determined from UPS. In any case, neither UPS nor XPS can fully 

allow determining the material's energy band structure. Other techniques are required 

to carefully determine the bandgap of the materials and thus complete the energy level 

diagrams and alignments.  

4.4 Electrical Characterization Techniques 

4.4.1 Four-point Probe Measurements (4PP) 

In order to measure the conductivity of thin-films, samples can be tested with the four-

point probe method.  

 

Figure 4.13 The schematic of the four-point probe configuration, including the electrical probes 

and the current flow.  
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As shown in Figure 4.13, in a 4PP setup, four probes are typically placed in a collinear 

orientation with equal spacing between each probe [131]. The two outermost probes are 

connected to a DC power source and used to inject current in the sample. The two inner 

probes are instead connected to a high-precision voltmeter for measuring a differential 

voltage. The current will pass from the first probe's tip, through the whole film thickness 

and at last, it will exit the film at the fourth probe [131]. Since the sample thickness 

limits the propagation of the current in the material, correction factors are needed to 

describe the effects of the sample's geometry. If a sample’s geometry is semi-infinite 

and the measured thickness is more than twice the probe spacing, Equation 4.14 can be 

applied to evaluate the conductivity of the sample:  

𝜌0 = 2𝜋𝑠 (
𝑉

𝐼
)                           (4.13) 

where ρ0 is the sample's electrical resistivity, s is the distance of probes, V is the 

measured voltage difference and I is the current that goes through the film. In this 

project, the measured V and I data were obtained using a Keithley 2400 source-measure 

unit, working as a voltage meter and a current source to conduct the measurements. 

Multiple data sets were averaged and resistivity values were calculated based on the I-

V curves' slope. 

4.4.2 Hall Effect Measurements 

To measure additional electric properties, including charge carrier density, resistivity 

and charge carrier mobility of a material, Hall effect measurements can be performed. 

 

Figure 4.14 Schematic of an n-type device under Hall measurements. I is a constant current applied 

to the sample; H is an applied constant magnetic field, whose direction is perpendicular to the 

measured sample. The Hall effects, resulting in charge carriers’ accumulation transverse to the 

current direction, and a voltage, VH, will be generated. The Fm and Fe refer to the magnetic force 

and electric force, respectively. Finally, the Fm and Fe should be equal when the charge 

accumulation comes a saturation [132].  

The Hall effect is schematically represented in Figure 4.14. When an electric current Ix 

passes through a material and a magnetic field H with an intensity Bz is applied to the 
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sample, according to the left-hand rule, the free charges present in the material would 

experience a Lorentz force Fm, perpendicularly to both Ix and Bz, the so-called "Hall 

effect" [132]. The left-hand rule allows determining Fm's direction on both the positive 

and negative carriers, and which results in the separation of positive and negative 

charges. When the charge separation reaches saturation, an electric field Ey will be 

generated in the material. [132]. The potential of this electric field is called Hall voltage, 

VH and can be determined through the following equation: 

𝑉𝐻 =
𝐼𝑥𝐵𝑧

𝑑𝑒𝑛𝑒
                           (4.14) 

where d is the thickness of the sample, e is the elementary charge and ne is the 

concentration of electrons. In a Hall measurement, Ix and Bz and d are known and the 

VH can be measured from the two opposite edges of the sample, so the electron density 

ne can be further calculated. Also, for a semiconductor, the major carry type can be 

detected and identified to characterize the material either as an n-type or p-type 

semiconductor [133]. 

Moreover, the resistivity of the sample ρ can be easily calculated by measuring the 

voltage over and current through the sample without the magnetic field. Since the 

electron density is known from Hall measurement, the electron mobility μe can be 

determined by:  

1

ρ
= 𝑛𝑒 ∙ 𝑒 ∙ μ𝑒                         (4.15) 

In this project, an ECOPIA Hall Effect Measurement System HMS-5300 is employed. 

The geometry of the samples tested, in a 1×1 cm configuration, is shown in Figure 4.15. 

A contact test is required for each sample to ensure the measurement quality. Ideally, 

linear current-voltage characteristics for each contact pair should be observed to obtain 

a reliable measurement. I-V curves for all contact pairs. Resistivity values have been 

calculated with different current ranges from 20 μA to 900 μA. The tested values were 

also compared with the values obtained by four-point probes to verify the Hall effect 

measurements' accuracy and reliability. 

 

Figure 4.15 Schematic of samples for Hall effect measurements. The geometry is 1×1 cm 

configuration, and four points are contacted with four gold probes. 
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4.5 Fabrication and Characterization of Perovskite Solar Cells 

4.5.1 Structure and Fabrication Process 

In this project, Benjamin T. Feleki and Junke Wang from the M2N group fabricated the 

perovskite solar cells in the Department of Chemical Engineering and Chemistry, TU/e. 

The device configuration is n-i-p, as mentioned in Chapter 2, shown in Figure 4.16. 

The fabrication process begins with an ITO-coated glass substrate, which has been 

ultrasonically cleaned for 10 minutes in acetone, a dissolved detergent solution, 

deionized water, and isopropanol. Afterward, ALD TiS2/TiO2 layers have been 

deposited according to the processes described in Section 4.1.  

 

Figure 4.16 Structure of the perovskites solar cells made in this research. 

The perovskite layer is then deposited on the ALD layers via a facile two-step solution 

process reported by Qiu et al. [48] and the entire device fabrication is carried out in an 

N2 filled glove box. First, a 461 mg/mL PbI2 solution dissolved in DMF is prepared, 

together with a concentration of additive DMOS with a molar ratio of PbI2:DMSO=1:1. 

Subsequently, the solution is spin-coated on the glass/ITO/ALD ETL substrates at 3000 

rpm for 30 s. After that, another 50 mg/mL mixed CH(NH2)2I, CH3NH3I, and 

CH3NH3Br solution with molar ratio: 0.66:0.19:0.15 is prepared using isopropanol as a 

solvent and is spin-coated on the previous PbI2 layer at 3000 rpm for 30 s as well. Lastly, 

the substrates go through an annealing process at 100 ℃ for 15 mins, forming the 

crystal perovskite structure. Eventually, this leads to the following perovskite 

composition: FA0.66MA0.34PbI2.85Br0.15. 

To prepare the HTL, an 80 mg/mL 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-

9,9'-spirobifluorene (Spiro-OMeTAD) solution is prepared and the solution is doped 

with 17.5 mL lithium bis(trifluoromethanesulfonyl)imide (520 mg/mL in acetonitrile) 

and 28.5 μL 4-tert-butylpyridine. Subsequently, the HTL solution is spin-coated onto 

the annealed perovskite film. To increase the oxygen doping of Spiro-OMeTAD, which 
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enhances its conductivity [134], the whole device is exposed to air overnight. Finally, 

80 nm Au layer is vapor-deposited on the HTL by using shadow masks and the full PSC 

devices are completed with a defined active area of 0.1296 and 0.0676 cm2. Eventually, 

the completed perovskite solar cells are stored in a glovebox filled with N2 to prevent 

the perovskite crystals' decomposition for long-term storage. 

Due to the semi-metallic nature of the TiS2 layers used in this evaluation and the 

conformal growth nature of ALD, all exposed surfaces (independently by orientation) 

of the substrate are connected/shorted through the TiS2 layer. Therefore, the substrates 

must undergo an additional process before depositing perovskite materials to avoid 

possible issues related to having interconnected cells the substrate and separate the 

bottom and top contact of each sell to avoid shunting pathways in Figure 4.17.  

 

Figure 4.17 The schematic description of the shunting issue caused by ALD TiS2: red - ITO; 

green – ALD TiS2; yellow - gold. A fully covered conductive TiS2 layer can make each electrode, 

and each cell is connected/shunted. 

 

Figure 4.18 Schematic measures taken to separate cells: a) High-temperature resistance Cape 

Town tape and a stainless-steel mask are employed to realized ALD selectively in the middle of 

a substrate; b) mechanical scratching to separate each cell. (light grey – ITO; grey – glass; 

green – ALD TiS2; yellow – gold; orange – Cape Town tape; white dash lines – scratching 

routes. 
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To avoid this, a series of measures have been taken, as shown in Figure 4.18. First, by 

sticking Kapton tape, the four edges of the substrate have been well masked. Secondly, 

a stainless-steel mask is used to cover the non-active area, restricting the ALD layer's 

growth only to the open area. Lastly, mechanical scribing is performed to separate each 

cell and a multimeter is used to check if shunting takes place between each electrode.  

4.5.2 Characterization of Perovskite Solar Cells 

To evaluate the performance of PSCs, J-V measurements are employed. By illuminating 

the devices under a calibrated light source which simulates 1 Sun spectrum at 1.5 

atmospheric mass (AM) conditions, the current density J can be obtained as a function 

of the applied voltage V. The scan direction and scan rate of the voltage can be tuned: 

the voltage scan can start from positive to negative values (reverse scan) or from 

negative to positive values (forward scan) and with various scan rates in the order of 

mV/s or V/s. In PSCs' case, choices for these two measurement settings can give very 

different J-V behavior, as described in Chapter 2. An example of a J-V graph is shown 

in Figure 4.19. To be able to compare the performances of different solar cells, the 

following parameters can be derived from the J-V graph: 

• The open-circuit voltage (Voc): the voltage between the two cell electrodes when 

no external circuit is connected, thus no current is flowing. In the J-V curve, Voc 

is the intersection value of the curve with the abscissa. In ideal semiconductors, 

the Voc is equal to the splitting of the quasi-Fermi levels. The Voc is generally 

considered to be affected by the quality of the perovskite film and by the CTLs 

and the surface contact between them [135]. Poor film quality and interface 

contacts will lead to an increase in carrier recombination rates and the decrease 

of carrier extraction, which will lead to a decrease in the Voc [136]. 

• The short-circuit current density (Jsc): the measured current density when the 

voltage across the cell is zero. In the J-V curve, Jsc is the intersection value of 

the curve with the ordinate. The physical meaning of Jsc is the amount of charge 

collected by the diffusion and dissociation of excitons generated by the 

absorption of light from different wavelengths per unit area of the solar cell 

under illumination per unit time [136]. The selection of perovskite and CTLs, 

the matching of energy levels and the quality and thickness of thin films greatly 

influence the absorption of solar cells, exciton generation, migration and carrier 

extraction efficiency, determining the value of Jsc. 

• The fill factor (FF): the ratio of the maximum power obtained from the solar 

cell with respect to the Voc and Jsc's product, indicating how well the cell 

approaches its maximum output. For an ideal and efficient solar cell, the FF 

value is close to 1. In general, the device's series resistance and sheet resistance 

can influence the FF a lot [135, 136]. The series resistance is related to the 
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carrier transport in the material, the material's resistance and the electrode's 

conductivity. The leakage current (mainly due to the incomplete contact 

between perovskite and the CTL) is the main factor affecting the sheet resistance. 

Therefore, in addition to selecting appropriate materials, the optimization of 

film preparation and annealing can improve the film quality and interface 

contact, improving FF. 

• Power conversion efficiency (PCE): the solar cell's energy output divided by the 

light source's energy input, indicating how efficiently the cell converts light into 

electricity. 

 

Figure 4.19 Example of a J-V curve (red, measured) combined with the P-V curve (blue, 

calculated). The red dashed lines indicate the Voc and Jsc, the blue dashed line indicates the Vmp 

belonging to the maximum power point Pmax [137]. 

The shape of the J-V curve is usually considered to be related to the electrical 

resistances present in the solar cell. The series resistance (Rs) mainly comes from the 

intrinsic resistivity of the CTLs, the photoactive layer and the electrodes. In contrast, 

the shunt resistance (Rsh) is related to each layer's uniformity in the planar solar cell. If 

the PSCs' films have very poor-quality, pinholes and thus shunting processes may 

happen, lead to a loss of current, which is reflected by changes in the shunt resistance.  

The diode equation describes the influence of Rs and Rsh on the performance of PSCs 

solar cells as follows [137]: 

                     𝐼 = 𝐼𝐿 − 𝐼0(𝑒
𝑞(𝑉+𝐼𝑅𝑠)/𝑘𝐵𝑇 − 1) −

𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
             (4.16) 

where the IL is photocurrent, I0 is saturation current, kB is Boltzmann's constant and T 

is the temperature. From Figure 4.20, it can be seen that a high Rs is related to the less 

slope in the high voltage range. And a high slope is required to get a good FF and a 

higher efficiency can be expected. However, the shunt resistance has a negative 

influence on the solar cell performance. As can be seen from the low voltage region, 

with a higher shunt resistance, the J-V curve slope will tend to infinite, meaning the J-
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V curve will be flatter leading to a higher current, and therefore, a higher FF can be 

expected. To have highly efficient solar cells with high FF and ideal J-V curves, it is 

important to make sure that the Rs is low and the Rsh is high. 

 

Figure 4.20 The effects of series resistance a) and shunt resistance b) of the J-V curve of 

perovskite solar cells [137]. 

To evaluate the PSCs' instability from JV measurements, the maximum power point 

(MPP) tracking measurement is employed to determine the solar cell's long-term 

performance. In this measurement, the PCE at the maximum power point as a function 

of time is being recorded and the stability can be evaluated. 
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5 Results and Discussion 

5.1 Characterization of Atomic Layer Deposited TiS2 and TiS2/TiOxSy 

In this chapter, the chemical composition, energetics, and the optical and electrical 

properties of ALD grown TiS2/TiOxSy layers are presented and compared with literature 

to evaluate their potential application as electron transport layers in perovskite solar 

cells.  

5.1.1 UPS Analysis of Pristine Atomic Layer Deposited TiS2 

As presented in Chapter 3, TiS2 has been reported to be a semimetal in many theoretical 

studies. To confirm this observation earlier reported in the literature, UPS spectra are 

used to determine the work function (WF) and valence band maximum (VBM) values 

of ALD TiS2. The UPS spectrum used to determine the valence band onset is shown in 

Figure 5.1 (a). An occupied density of states (DOS) is observed extending up to the 

Fermi level: this suggests that TiS2 behaves like a metal. However, the DOS near the 

Fermi level is substantially lower than the rest of the DOS distribution, which can be 

related to the characteristic nature of a semimetal. Due to the DOS present at the Fermi 

level, the linear extrapolation leads to a negative VBM value with respect to the Fermi 

level of -0.15 (±0.03) eV, see inset in Figure 5.1 (a).  

The UPS spectrum used to determine the WF from the cut-off region is shown in Figure 

5.1 (b). The WF determined by the linear extrapolation is 3.96 (±0.06) eV, and the 

calculated ionization energy (IE) is 3.81 (±0.03) eV, based on the VBM obtained value. 

In order to more precisely determine the behavior of ALD TiS2, it should be noted that 

for a metal, the binding energy area near the Fermi level should have an appreciable 

density of states (because the metal conduction band is partially filled). Therefore the 

obtained WF and IE from the linear extrapolation should be the same because of the 

zero VBM [92]. Instead, for a semimetal, there is a minimal overlap between the 

conduction band minimum (CBM) and VBM, leading to a negligible DOS at the Fermi 

level. In the case of ALD TiS2, the small difference between its WF and IE values 

suggests that the material behaves as a semimetal, as earlier concluded from the DOS 

observation. 
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Figure 5.1 a) UPS onset region and b) UPS cut-off region of 10 nm ALD TiS2 deposited on the 

ITO substrate. 

This result can be further explained by recollecting the theoretical studies [92, 138] 

discussed in Section 3.1.2. The hybridization S 2p state and Ti 3d state have generally 

been considered as the source of DOS near the Fermi level. A small indirect bandgap 

value (0.05 eV) can usually be calculated, indicating its semi-metallic behavior. 

5.1.2 Chemical Analysis of Atomic Layer Deposited TiS2 and TiS2/TiOxSy  

To evaluate the chemical composition of ALD TiS2, a 10 nm TiS2 layer is deposited on 

a c-Si wafer while minimizing as much as possible its exposure to air. Simultaneously, 

the evaluation of TiOxSy is also performed. As discussed before in Section 3.1.3, TiS2 

oxidation may lead to its transition from a semimetal to a semiconductor. A plasma 

oxygen treatment was carried out to induce this transition in this study. The XPS survey 

scan of the pristine TiS2 is reported in Appendix A, indicating the presence of Ti, S, and 

impurities of O, C, and N. The latter may derive from minor oxidation due to exposure 

to the ambient environment and the presence of unreacted ligands from the ALD 

precursor TDMATi.  
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Figure 5.2 XPS spectra of Ti2p a), S2p b), and valence band c) for pristine TiS2, TiO2 and TiOxSy 

layers. The thickness for the original TiS2 and TiO2 is 10 nm.  

The XPS spectrum of the Ti 2p is shown in Figure 5.2 (a). For the pristine TiS2 layer, 

two separate doublets can be identified, indicating the presence of at least two different 

chemical states of titanium in the sample. Based on the binding energy (BE) of the main 

peak of the doublet (456.7 eV), we can confirm that Ti-S bonds are present [86, 139, 

140]. The second doublet's main peak that can be fitted in the spectrum is centered at 

458.9 eV, the typical BE corresponding to titanium in TiO2 [91, 140, 141]. This presence 

of Ti-O bonds originates from air exposure, as discussed in Section 3.1.1.  

In the case of TiS2 layers exposed to O2 plasma treatments, it is evident that, after O2 

exposure, the doublet with the main peak centered at 456.7 eV, assigned to Ti-S bonds, 

decreases with an increase in plasma exposure time. The second doublet, centered at 

458.9 eV and assigned to Ti-O bonds, confirms the TiO2 formation and increases with 

increasing plasma exposure time. An additional small doublet with the main peak 

centered at 457.2 eV can be fitted in the spectrum after plasma exposure. This doublet 

can most certainly be attributed to Ti bonded at the same time to S and O, which 

indicates that the plasma oxidized TiS2 layer has a TiOxSy composition. 

The second element evaluated for TiS2 is sulfur, and its XPS spectrum, corresponding 
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to S 2p, is shown in Figure 5.2 (b). In the case of pristine TiS2, the doublet with the 

main peak centered at 160.7 eV is attributed to Ti-S bonds, which is in good agreement 

with literature values [87, 139]. No sulfate (SO4
2-) or sulfur dioxide (SO2), at ~169.2 

eV and ~163.1 eV, respectively [91, 140, 142]. The formation of S-O bonds due to the 

oxidation of TiS2 had been reported for solution synthesis and oxidation processes with 

a long air exposure time or more reactive oxygen species, such as UV-ozone [91]. 

After being exposed to the plasma oxygen environment, a new doublet in the S2p 

spectrum can be fitted in the spectrum with a central peak at 163.1 eV. This doublet is 

usually assigned to SO2, which is an intermediate state during an oxidation reaction of 

sulfur. Another peak fitted with a doublet centered at 169.2 eV appeared when the 

plasma oxygen exposure time was extended to 360 seconds. This doublet value is in 

good agreement with the BE corresponding to sulfate (SO4
2-) state, a typical product 

from the enhanced oxidation reaction of sulfur. 

From XPS analysis, the stoichiometry of the atomic layer deposited TiS2/TiOxSy can be 

further obtained from the integrated peak area, and the calculated relative 

concentrations of Ti, S, and O in these layers are shown in Figure 5.3. Ideally, the ratio 

between sulfur and titanium for the pristine TiS2 should be 2:1. Experimentally we 

obtain TiO0.4S1.8. At 900 s of O2 plasma exposure, we obtain a stoichiometry of 

TiO2.8S0.9. A conclusion can be obtained that more sulfate states have been introduced 

due to the increased plasma O2 exposure time. 

 

Figure 5.3 The relative concentrations of Ti, S, and O are given as a function of the plasma oxygen 

exposure time.  

In order to check what changes occur in the energetics of TiS2 after O2 plasma treatment, 

the VBM analysis is carried out and shown in Figure 5.2 (c). For the pristine TiS2 

sample, two broad features centered around 3.5 and 13 eV are present, consistent with 
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the reported VBM spectrum of semi-metallic TiS2 [112, 143]. In literature, it is reported 

that the VBM spectrum of pristine TiO2 is characterized by a predominant feature 

centered between 1 and 8 eV [112, 143]. This feature is usually shown to be two 

partially overlapping peaks corresponding to the hybridization of Ti 2p and O 1s states. 

However, after plasma O2 exposure, the two features of TiS2 did not undergo major 

changes besides an increase in the peak width upon 360s plasma exposure time, 

meaning the states near the Fermi level still be preserved, which characterize the semi-

metallic nature of TiS2. The increased peak width region for the 360s-treated TiS2, a 

small shoulder at around 8 eV can be seen, indicating the presence of the hybridization 

of Ti 2p and O 1s states, which result from oxidation. This indicates that, although TiS2 

oxidizes, its VB shape still resembles that of TiS2 and does not approach the VB 

characteristics of TiO2. Therefore, it can be concluded that the semimetal character is 

conserved. In support of this observation, preliminary results obtained from PSCs built 

with plasma-oxidized TiS2 show that the leakage currents in these cells are very high, 

together with unworkable J-V curves like the cell employed pristine TiS2, as shown in 

Appendix B. Therefore, it can be confirmed that plasma oxidation did not solve the 

semi-metallic problem of TiS2.  

5.1.3 Electric Characterization of Atomic Layer Deposited TiS2 

To evaluate the electrical properties of the ALD semi-metallic TiS2, four-point probe 

and Hall measurements were performed. 

Table 5.1 The electrical properties of pristine ALD TiS2 and the comparison with literature. The 

ALD TiS2 sample was measured by ten times and within the error range.  

Fabricate 

process 
Materials 

Carrier 

density Ne 
Mobility μHall Resistivity ρ 

Ref. 

·1022 cm-3 cm2/V·s mΩ·cm 

Thermal ALD 

at 100 ℃ 

Amorphous 

TiO0.4S1.8 
2.1±0.8  0.19±0.03 1.6±0.2 

This 

work 

Thermal 

reaction at 

450 ℃ 

Single crystal 

TiS2 
0.08 7.0 1.14 [144] 

Thermal 

reaction at 

900 ℃ 

Single crystal 

TiS2 
0.27 2.34 2.5 [145] 

Thermal 

reaction at 

750 ℃ 

Single crystal 

TiS2 
0.05 7.47 1.62 [146] 
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The pristine TiS2 layer was deposited at 100℃ with 30 nm thickness. Table 5.1 shows 

these obtained resistivity, carrier density, and Hall mobility values, together with the 

reported electrical properties of TiS2 from literature. 

The obtained value for the resistivity of ALD TiS2 and literature-reported single-crystal 

TiS2 fall in the same order of magnitude. The low resistivity (1.6 mΩ·cm) further proves 

its semi-metallic nature. It should be noted that limited surface oxidation has been 

detected in the ALD TiS2 by XPS, however, all literature in Table 5.1 did not mention 

or show whether their samples have undergone the same expected oxidation process. 

Compared with these reported single-crystal TiS2 layers, the hall mobility of ALD TiS2, 

however, is one order of magnitude lower and the carrier concentration is more than an 

order of magnitude higher. The equations for the calculation of resistivity ρ and mobility 

μ are given in Equations 5.1 and 5.2, respectively.  

𝜌 =
1

𝜎
=

1

𝑛𝑒𝜇
                          (5.1) 

𝜇 =
𝑒𝜏

𝑚𝑒
                            (5.2) 

where n is carrier concentration, τ is relaxation time, and me is effective mass. From 

these equations, it is possible to discuss the reasons for the low mobility of ALD TiS2. 

As can be seen in Equation 5.2, mobility is highly dependent on the relaxation time, 

which is the time that an electron can travel before it recombines with a hole in the VB. 

In the presence of a higher impurity (in this case, donor) concentration, the mobility is 

negatively affected. The origin of the higher carrier concentration in our ALD films is 

unknown. In parallel, the low mobility of ALD TiS2 could be associated with its 

amorphous character when compared to the data reported in the literature, which refers 

to crystalline materials.  

5.1.4 Optical Characterization of Atomic Layer Deposited TiS2 

To apply a material as an ETL in an n-i-p PSC, one of the requirements is that the 

material should have low absorption in the visible light spectrum, this because the light 

will first travel through the ETL before reaching the perovskite absorber. To evaluate 

the transparency of TiS2, UV-Vis spectroscopy measurements have been adopted. 
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Figure 5.4 The absorbance and transmittance spectra of pristine 10 nm ALD TiS2. The layer was 

deposited on a glass substrate.  

Figure 5.4 shows the absorption and transmission spectra of a 10 nm thick TiS2 layer 

deposited on a glass substrate. It can be seen that the ALD TiS2 is a highly absorbing 

material, especially in the visible wavelength range between 400 and 800 nm where 

only 80% of the visible wavelength is transmitted compared to 90% outside of this 

range. The high absorption and low transmission nature of TiS2 can also be found in 

literature [147]. Noticeably, Let et al. reported that the absorbance of TiS2 could be 

effectively reduced by changing it from bulk to its nanocrystal phase [147]. Compared 

with other commonly used ETL such as TiO2, whose transmission is usually be found 

over 95% [148], it is clear that TiS2 has a less than ideal optical behavior. The low 

transmission of TiS2 can then be another reason to explain the low current values 

obtained in our preliminary cells shown in Appendix B. The influence of the 

transmission of ETL on PSCs' performance will be further discussed in Section 5.3.  

Because of the unsuccessful experiment aimed at promoting the conversion of TiS2 

from semimetal to semiconductor via a plasma oxidation route, a novel approach was 

attempted next, where a bilayer of TiS2/TiO2 was engineered, which will be presented 

in the next section. 

5.2 Characterization of Atomic Layer Deposited TiS2/TiO2 Bilayers 

As a follow-up of the results described in Section 5.1, this section proposes the adoption 

of a TiS2/TiO2 bi-layer structure to suppress the semi-metallic behavior of TiS2 and 

demonstrate that the bi-layer can serve as a selective electron transport layer in 

perovskite devices.  
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5.2.1 Surface Chemical Analysis of TiS2/TiO2 Bilayers  

To investigate the bilayer's chemical composition and compare its behavior to pure TiO2, 

three samples (5/5 nm TiS2/TiO2, 10/5 nm TiS2/TiO2, 10 nm TiO2) were deposited on a c-

Si substrate and evaluated by means of XPS. Figure 5.5 shows the XPS spectra of Ti2p, 

O1s and the valence band of these samples, respectively.  

 

Figure 5.5 The XPS Ti2p (a), O1s (b), and valence band spectrum (c) of 5/5 nm TiS2 / TiO2 

bilayer, 5/10 nm TiS2 / TiO2 bilayer, 10 nm pristine TiO2 layer and 10 nm pristine TiS2 layer.  

As observed in Figure 5.5 (a) for the Ti 2p spectra, among all three samples, only one 

doublet can be fitted to the spectrum with the main peak centered at 458.6 eV. This is 

attributed to the Ti-O bond, which is in good agreement with literature values. No Ti-S 

bond signal, centered at around 456.7 eV, can be observed in all bilayer samples. As 

described before, TiS2 is very easily oxidized with H2O. In the thermal ALD process of 

TiO2, the co-reactant is H2O, while mostly involved in the growth of TiO2. It is also 

expected to play a role in affecting the top TiS2 surface The spectra of S are shown in 

Appendix A, which confirm the oxidation process, as a typical S-O bond signal in the 

5/5 nm TiS2/TiO2 bilayer can be detected.  

The O spectra are shown in Figure 5.5 (b). Within the range of binding energies, two 

chemical states of O can be identified in each sample. The main peak located at 530.1 
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eV is assigned to the Ti-O bond. The second peak at 531.9 eV is related to C-O bonds' 

presence, which comes from the contamination produced in the thermal ALD process, 

resulting from the inclusion of unreacted ligands belonging to the titanium 

organometallic precursor.  

In order to determine whether the bilayer has a semi-metallic or semiconducting nature, 

the valence band spectrum of the films deposited by ALD was also investigated by XPS, 

as shown in Figure 5.5 (c). As can be seen, all bilayers have nearly the same valence 

band spectra as the pristine TiO2 layer, and only one broad feature centered between 1 

and 8 eV can be detected, indicating the TiS2/TiO2 bilayer has a similar energetic 

structure with TiO2. The typical features in the valence band spectrum of TiS2, centered 

at around 3.5 (and extending up to the Fermi level) and 13 eV, cannot be seen in any of 

the bilayer samples, meaning the semi-metallic nature of TiS2 has been effectively 

suppressed by using the bilayer structure. To further confirm this conclusion, UPS was 

applied to evaluate the energetic features of the TiS2/TiO2 bilayer. 

5.2.2 UPS Analysis of TiS2/TiO2 Bilayers 

In order to investigate the impact of the atomic layer deposited TiS2 on the energy levels 

of pristine TiO2, UPS was performed. The thickness of the bilayer and pristine TiO2 

measured are 5/10 nm and 10 nm, respectively. The spectrum used to determine the 

valence band onset and work function is shown in Figure 5.6. 

 

Figure 5.6 UPS spectra cut-off region a) and onset region b) of 5 nm ALD TiS2 / 10 nm TiO2 

bilayer and 10 nm TiO2 layers deposited on ITO substrates. The error comes from the average 

of multiple scans and linear fitting. 

The calculated work function values for TiS2/TiO2 bilayer and pristine TiO2 layer are 

3.86 (±0.05) eV and 3.88 (±0.09) eV, respectively. The valence band maximum values 

are 3.25 (±0.06) eV and 2.95 (±0.14) eV, respectively. Unlike the UPS spectrum of 
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pristine TiS2 discussed in Section 5.1.1, the bilayer sample does not show any occupied 

states in the Fermi level's proximity. This allows us to conclude that the semi-metallic 

nature of TiS2 has been successfully suppressed and that the bilayer behaves as a 

semiconductor, which also confirms our observations on the XPS valence spectrum 

discussed in Section 5.2.1.  

5.2.3 Optical Characterization of TiS2/TiO2 Bilayers and Energy Band Diagram 

In Section 5.1.4, the pristine TiS2 has been confirmed to be highly absorbing along with 

the entire visible wavelength range. To investigate how the optical properties change 

with the bilayer configuration, the UV-Vis measurement was adopted for bilayers with 

different thickness combinations and a pristine TiO2 layer for comparison.  

 

Figure 5.7 (a) The absorbance and transmittance spectra of pristine 10nm ALD TiO2,5/10 nm 

TiS2/TiO2 and 10/5 nm TiS2/TiO2. (b) Tauc’s plot is derived from the absorbance spectrum. The linear 

extrapolation of the edge represents the indirect bandgap. 

As shown in Figure 5.7 (a), pristine TiO2 is highly transparent in the wavelength range 

from 400 to 1200 nm and the absorbance in this range is always below 5%, which is 

consistent with values reported in the literature [148]. In contrast to this, all bilayers 

show a much higher absorbance in the whole wavelength range, resulting in low 

transmittance. Moreover, the thickness of TiS2 in bilayers shows a dominant effect on 

the transmittance, as the 10/5 nm TiS2/TiO2 layer shows about 20% less transmission 

compared with 5/10 nm TiS2/TiO2. Consequently, the absorbance of the bilayer with 

thicker TiS2 is also higher. 

From the absorbance values obtained, the absorption coefficient (α) of these films is 

calculated, and a Tauc plot (αhv)1/2 as a function of the photon energy hv is plotted to 

determine the optical bandgaps, as shown in Figure 5.7 (b). Here, it has been assumed 

that ALD TiO2 layers have an indirect optical bandgap, an element widely reported in 

the literature [99, 148, 149]. The calculated bandgap for TiO2 is 3.25 eV, consistent with 
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the literature reported values [149]. The bandgap of the 5/10 nm TiS2/TiO2 bilayer, 

however, decreased to 3.12 eV. It should be noticed that, since the bilayer is fabricated 

by two separated processes, the structure of the layer likely corresponds to 

TiS2/TiOxSy/TiO2 where the TiOxSy layer corresponds to the oxidation of TiS2 as a result 

of water exposure during the growth of TiO2. The absorption spectrum obtained then 

corresponds to the overlapped absorption spectra of TiS2, TiOxSy, and TiO2, respectively. 

Therefore, the bilayer's energy band structure can be sketched as multiple layers with 

on top the energy levels of TiO2. For this reason, we use the bandgap value of TiO2 

(3.25 eV) for the top layer.  

Together with the obtained WF and VBM values from UPS measurements, it is possible 

to sketch the energy diagram for pristine TiO2 and TiS2/TiO2 bilayer, as shown in Figure 

5.8.  

 

Figure 5.8 Energy band diagram for TiO2 (10 nm) and TiS2/TiO2 (5/10 nm), constituted with work 

function and valence band maximum values determined via UPS measurements. For the position of 

the conduction band minimum, the band bap values are obtained from UV-Vis analysis. 

As can be observed in the energy band diagram shown, the WF does not show 

significant changes between the two samples. However, after the introduction of ALD 

TiS2 at the bottom of TiO2, the position of both CBM and VBM changed to a deeper 

position. In a PSC, it has been discussed that the ETL should have deeper CBM and 

VBM to have a better alignment with the perovskite energy levels and therefore reduce 

the energy barrier for electron transport. In this case, the TiS2/TiO2 seems to be a better 

candidate in terms of the energy band alignment. The aligned energy band diagram with 

perovskite will be further sketched and discussed in Section 5.3. Noticeably, the Fermi 

level position for the TiS2/TiO2 bilayer film appears to be the same level as the CB, 
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suggesting that the bilayer maybe have a slight degenerate character. This may originate 

from the effect of the semi-metallic nature of TiS2 at the bottom, and it can also explain 

the low detected resistivity of bilayers shown in the next section. 

5.2.4 Electrical Characterization of TiS2/TiO2 Bilayers 

In Section 5.1.3, the pristine ALD TiS2 has been shown to have low resistivity, low 

mobility and high carrier concentration. To investigate how these electric properties 

change when adopting the bilayer thickness configuration, four-point probe and Hall 

measurement were employed.  

Table 5.2 summarizes the results. It is clear that in the presence of TiO2, the resistivity 

of the bilayer increases as the thickness of TiO2 increases. This is because the pristine 

TiO2 already has a very high resistivity, which is more than six orders of magnitude 

higher than pristine TiS2. On the other hand, it can be concluded that this is primarily 

due to the decrease in carrier concentration. In this case, all bilayers' mobility seems in 

the same amount range, at around 0.2 cm2/V·s. In terms of carrier density, an increase 

in the thickness of TiO2 leads to a decrease in the carrier density, which explains the 

increased resistivity. 

Table 5.2  The electrical properties of pristine ALD TiS2 and TiS2/TiO2 bilayers. The carrier density 

and mobility are obtained from Hall measurements. Each sample has been measured by ten times. 

The resistivity values are obtained from both Hall and four-point probe measurements. The last three 

samples are too resistive to be measured by Hall, thus only resistivity can be obtained by 4PP. 

Materials 
Thickness  Carrier density Ne Mobility μHall Resistivity ρ 

nm ·1022 cm-3 cm2/V·s Ω·cm 

TiS2 30 2.1±0.8  0.19±0.03 (1.6±0.2)·10-3 

TiS2/TiO2 20/10 0.3±0.1 0.3±0.2 (9.6±0.3) ·10-3 

TiS2/TiO2 15/15 0.20±0.05 0.27±0.03 (1.56±0.01)·10-2 

TiS2/TiO2 10/20 - - 4.26 ·10-2 

TiS2/TiO2 5/25 - - 1.78 ·10-1 

TiO2 30 - - 2.1·103 

In this research, due to the Hall setup's measurement range limitation, it was impossible 

to measure the mobility of TiO2. However, Nunez et al. [149] reported a measured 

mobility value at 3·10-4 cm2/V·s for a TiO2 layer deposited from a similar ALD process 

(using TDMATi as the precursor at 100 ℃) to the one employed during this evaluation. 

Compared with our bilayer’s value, the mobility of that TiO2 is very low. As a result, it 

can be concluded that underground TiS2 plays a beneficial role in increasing the electron 
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mobility of pristine TiO2. 

5.3 Perovskite Solar Cells with Atomic Layer Deposited TiS2/TiO2 

Bilayers as Electron Transport Layers  

Based on the previous results of the atomic layer deposited TiS2/TiO2, these bilayers 

appear to be promising candidates to be used as ETLs in perovskite solar cells. This 

section covers the achieved performance of devices that involved the use of these 

bilayers and the discussion on how these bilayers’ properties could influence the cell 

performance. Furthermore, the effects of the bilayer thickness combination are also 

presented and discussed. 

5.3.1 Implementation of Atomic Layer Deposited TiS2/TiO2 in Perovskite Solar 

Cells and Performance Characterization 

As mentioned in Chapter 2, due to good thermal stability, reproducibility and high 

absorption coefficient, a two-step double cation perovskite FA0.64MA0.34PbI2.85Br0.15 

was employed in these cells [150]. An organic material, Spiro-OMeTAD was chosen as 

the hole transport layer because of its good hole transport properties [151]. The structure 

and thickness of the analyzed solar cell are presented in Figure 5.9 (a).  

 

Figure 5.9 a) The structure of the planar n-i-p perovskite solar cell under investigation in this 

thesis; b) reverse and forward J-V scans of the best PSCs with TiS2/TiO2 and TiO2 as ETLs, 

under light condition. The thickness of TiS2/TiO2 and TiO2 are 5/5 nm and 10 nm. Dash lines 

represent forward scans, and solid lines represent reverse scans. 

To evaluate these TiS2/TiO2 ETLs-based PSC performance, J-V measurements have 

been carried out. Figure 5.9 (b) shows the J-V curves (under illumination) of the three 



67 Atomic Layer Deposition of Titanium Disulfide based Charge Transport Layers for Perovskite 

Solar Cells 

 

best performing PSCs employing solution-processed SnO2 (as the reference cell), ALD 

TiS2/TiO2, and pristine TiO2 as ETLs, respectively. Table 5.3 summarizes the main 

parameters calculated from the J-V curves. 

Table 5.3 The main parameters of the best PSCs with 5/5nm TiS2/TiO2 and 10 nm TiO2 as ETLs. Voc: 

open-circuit voltage; Jsc: short-circuit current; FF: fill factor; PCE: power conversion efficiency. 

ETL Voc (V) Jsc (mA/cm2) FF PCE (%) 

TiS2/TiO2 0.88 18.8 0.48 7.94 

TiO2 0.73 5.1 0.41 1.54 

Reference 1.05 25.3 0.71 16.8 

In our preliminary analysis of PSCs employing pristine TiS2, it has been confirmed that 

only a flat J-V curve can be obtained due to the semi-metallic nature of TiS2 itself. Here, 

in the case of the cell employing the TiS2/TiO2 bilayer as the ETL, the semi-metallic 

behavior has been effectively reduced, as the shape of the J-V curve is no longer a 

straight line. As shown in Table 5.3, a PCE of 7.94% was obtained with a current density 

of 18.8 mA/cm2. However, because of the low Voc and FF, together with a large 

hysteresis, the cell's overall performance is not ideal. For the cells using the pristine 

TiO2 layer as an ETL, the J-V curve shows a very low Jsc value, which is almost five 

times lower than the bilayer cell, together with comparable low Voc and FF, a final 1.54% 

PCE is obtained. 

In order to make an explanation of the observed performance on these PSCs, several 

aspects can be analyzed and discussed: 

⚫ Effects of the energy band alignment between ETL and perovskite 

As discussed in Chapter 2, in PSCs, a good energy band alignment is an important factor 

in realizing effective charge extraction. To evaluate the energy band alignment for 

electron transport in our PSCs, the energy band diagram had been sketched with respect 

to the vacuum level, as shown in Figure 5.10. When materials are placed into strict 

contact, e.g. thin films grow on top of a metal substrate, the Fermi level of each material 

will be aligned at the same energy level. However, when a full PSC device is 

constructed and in operation, the interface chemistry in the cell almost always occurs, 

breaking the Fermi level alignment. An example of interface chemistry is the reaction 

or diffusion of the ETL layer components into the organic perovskite layer and vice 

versa. In this case, the interface cannot be regarded as a simple contact between the 

ETL and perovskite. Instead, it should be considered as a third layer, which leads to a 

change in the work function of the system. Furthermore, when electrons are 

continuously injected from the perovskite into the CB of the ETL, the interface is not 

in thermodynamic equilibrium, and the work function will again change. Therefore, 
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aligning on the Fermi-level is not valid due to the ETL/perovskite interface formation, 

as this affects the measured Fermi level position [129, 152, 153]. Given the surface 

sensitivity of UPS and bulk-sensitivity of UV-Vis, the interface chemistry modifications 

on the energetic values are not taken into account. Therefore, to better represent the 

measured values, it is more correct to align the energy levels with respect to the vacuum 

level [45, 69, 74, 154].   

 

 

Figure 5.10 The energy band diagrams of PSCs with a) pristine TiO2 and TiS2/TiO2 as ETLs. Data 

for ETLs are from the UPS and UV-Vis measurements. Data for other components are from the 

literature published by M2N [49].  

In the case of the pristine TiO2, shown in Figure 5.10 (a), according to the CBM 

alignment between ETL and perovskite, the photogenerated electrons from perovskite 

may experience a possible CBM offset (0.52 eV) when they are expected to be extracted 

from the perovskite to ETL, which can contribute to explaining the low Jsc value 

obtained. In literature, it has been widely reported that TiO2 can suffer this miss-

matched CBM alignment with double-cation perovskites [99, 148, 155]. To solve this 

problem from TiO2, a lot of strategies such as doping, choosing higher CBM perovskite 

(such as MAPbI3), introducing a bilayer configuration with other materials, has been 

widely reported to get better CBM alignment between TiO2 based ETLs and perovskites 

[99, 148, 155, 156].  

In our case, for the cell applied TiS2/TiO2 as the ETL, as shown in Figure 5.10 (b), the 

possible CBM mismatch offset has been reduced to 0.24 eV and, therefore, a better 

electron injection can be expected. In terms of VBM alignment, it can be seen that both 

cases have a deep valence band, which can conclude that both layers successfully block 

the injection of holes into ETL. 
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⚫ Effects from electrical properties 

In general, a conductive ETL can help the PSC to have lower series resistance, resulting 

in an improved Jsc. However, in our case, the high conductivity of TiS2 leads to charge 

recombination and high leakage current. To investigate the bilayer's effect on the 

leakage current, J-V measurements under dark conditions are performed. 
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Figure 5.11 J-V curves of PSCs under the dark condition. These ETLs are: 10 nm TiS2, 5/5 nm 

TiS2/TiO2, and 10 nm TiO2. 

As shown in Figure 5.11, the cells with the bilayer show a significantly, almost 50 times 

lower, leakage current (around 0.01 mA/cm2) compared with the pristine TiS2 case 

(0.15 mA/cm2). This can be seen from the intersection of the J-V curve and the y-axis 

in the low negative voltage region. However, this leakage current is still ten times higher 

than that of the pristine TiO2 case (0.001 mA/cm2). In literature, it is generally reported 

that well-performing PSCs should only show less than 0.001 mA/cm2 leakage current 

under dark conditions [99, 149]. Therefore, the bottom TiS2 layer still plays a role in 

affecting the leakage current in the cells investigated. On the other hand, as presented 

earlier in Section 5.2.4, the pristine TiO2 layer behaves as a very resistive material, 

while the TiS2/TiO2 layers show a significantly reduced resistivity with higher carrier 

concentration and mobility. 

In conclusion, the electrical properties' effects of TiS2 on PSCs performance are twofold. 

Firstly, the semi-metallic nature of pristine TiS2 can bring higher leakage current and 

therefore lead to a lower Jsc, this effect can also be seen to some extent in the TiS2/TiO2 

bilayers. Secondly, in the TiS2/TiO2 bilayer case, TiS2 reduces the resistivity of the 

pristine TiO2 layer and therefore a higher Jsc can be obtained. 
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⚫ Effects from optical properties 

The shown UV-Vis measurements have confirmed that TiS2 is a highly absorbing 

material, and the absorbing behavior will still be shown by the TiS2/TiO2 bilayers, while 

pristine TiO2 is highly transparent. Generally, in a planar n-i-p PSC, the ETL is expected 

to be highly transparent because light will first travel through the ETL before reaching 

the absorber. Strong absorption of visible light in the wavelength range from 400 to 800 

nm is considered as one of the main strengths of the perovskite materials in the solar 

cell, meaning that an ETL that absorbs in this range is directly affecting the overall 

performance of the device, as the TiS2 case shows. However, the TiS2/TiO2 bilayer still 

has a higher current compared with pristine TiO2, indicating the influence of optical 

transmittance on cell performance is limited.   

⚫ Effects from interface quality between perovskite and ETLs 

In this research, cells suffered from low FF with large hysteresis. In literature, J-V 

hysteresis is usually caused by e.g., defects present at the interface, interface electron 

extraction barriers generated by the presence of unwanted PbI2, or unbalanced charge 

extraction because of the ion migration within the perovskite [26, 49, 155, 157]. In our 

case, the reference cell shows only a small hysteresis, it is then more plausible to think 

that the J-V hysteresis could be caused by defects present at the TiO2/PSC interface. In 

literature, it is generally reported that amorphous TiO2 has a high density of defects on 

the surface, especially in some ALD processes similar to ours at 100 ℃, as reported by 

Won et al., which could explain the obtained low FF and Jsc [158-160].  

5.3.2 The Effects of ETL Thickness on the Performance of Atomic Layer Deposited 

TiS2/TiO2 based Perovskite Solar Cells  

Since the ETL we adopted is a bilayer structure, it is worth to evaluate which thickness 

combination can get the best performance. To do this, the thickness of TiS2 and TiO2 

were controlled by changing the ALD cycle number to make different thickness 

combinations.  

The effect of the thickness of TiS2 on cell performance can be evaluated by bilayer 

samples with the same thickness of TiO2. Figure 5.12 presents two series of data, with 

5 nm and 15 nm TiO2 on the top, respectively. In general, for all PSCs employing 

TiS2/TiO2 bilayers, a large Jsc and Voc spread can be observed in the same batch of 

devices. This may be due to the uneven spin coating of perovskite due to the existence 

of particles during the mechanical scratching operation to separate each cell (as 

described in Section 4.5.1), resulting in different coverage of perovskite in each cell. 

However, the general trend of the two series is the same: thicker TiS2 brings lower 

current density and PCE, while the Voc and FF do not change. To elaborate more, the 

thickness effect on cell performance can be analyzed by comparing single champion 
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cells in a single set of bilayer configurations. Here, we will focus on the cells with 5/5 

nm TiS2/TiO2 and 10/5 nm TiS2/TiO2, respectively, as they showed a clearer trend. 

 

Figure 5.12 The effects of TiS2’s thickness on cell performance:: a) PCE, b) open voltage, c) short 

current density, and d) fill factor. The abscissa values represent the thickness of TiS2 and TiO2, 

respectively. 

The J-V curves of the champion cells with 5/5 nm TiS2/TiO2 and 10/5 nm TiS2/TiO2 

under light and dark conditions are shown in Figure 5.13. The parameters extracted 

from the J-V curves are shown in Table 5.4.  

Table 5.4 The main parameters of the perovskite solar cells with 5/5 nm TiS2/TiO2 and 10/5 nm 

TiS2/TiO2 as ETLs. 

ETLs Voc (V) Jsc (mA/cm2) FF PCE (%) 

5/5 nm TiS2/TiO2 0.88 18.8 0.48 7.94 

10/5 nm TiS2/TiO2 0.67 6.73 0.31 1.37 
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Figure 5.13 J-V scans of PSCs with 5/5 nm TiS2/TiO2 and 10/5 nm TiS2/TiO2 as ETLs, under a) 

standard AM1.5 light condition and b) dark condition. 

As it can be observed in Figure 5.13 (b), the PSC with 10/5 nm TiS2/TiO2 ETL has a 

ten times higher leakage current compared with 5/5 nm TiS2/TiO2 under dark condition, 

indicating that the thicker TiS2 brings harmful effects in terms of leakage current. This 

is also confirmed by the J-V curve under illumination shown in Figure 5.13 (a), as the 

Jsc with thicker TiS2 is over three times lower than the thinner TiS2 case. Nevertheless, 

both Voc and FF dropped when a thicker TiS2 layer is used. Finally, the decrease of these 

parameters in the thicker TiS2 case resulted in a nearly six times difference in PCE 

between these two PSCs. 

The effect of the thickness of TiO2 on cell performance can be evaluated by samples 

with the same thick underneath TiS2. Although we observed 5 nm TiS2 series can bring 

better performance, however, since the cell with 5/10 nm TiS2/TiO2 bilayer suffered 

serious uneven spin-coating problem as described in Section 4.5, we choose cells with 

10/5 nm TiS2/TiO2, 10/10 nm TiS2/TiO2 and 10/15 nm TiS2/TiO2, respectively, to 

discuss the results here. The summarized cell performance can be seen in Figure 5.14. 
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Figure 5.14 The effects of TiO2’s thickness on cell performance:: a) PCE, b) open voltage, c) short 

current density, and d) fill factor. The abscissa values represent the thickness of TiS2 and TiO2, 

respectively. 

Look more into the specific data for champion cells, the J-V curves under light and dark 

conditions are shown in Figure 5.15 and the parameters extracted from the J-V curves 

are shown in Table 5.5. 

 

Figure 5.15 J-V curves of perovskite solar cells with 10/5 nm, 10/10 nm, 10/15 nm TiS2/ TiO2 ETLs 

in a) standard AM 1.5 light condition and b) dark condition.  
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Table 5.5 The perovskite solar cells' main parameters with 10/5 nm, 10/10 nm, and 10/15 nm 

TiS2/TiO2 as ETLs. 

ETL Voc (V) Jsc (mA/cm2) FF PCE (%) 

10/5 nm TiS2/TiO2 0.67 6.73 0.31 1.37 

10/10 nm TiS2/TiO2 0.63 7.52 0.36 1.68 

10/15 nm TiS2/TiO2 0.77 10.3 0.46 3.61 

As shown in Figure 5.15 (b), with the same thickness of TiS2 underneath, a thicker TiO2 

layer seems to reduce the leakage current in PSCs with bilayer ETLs effectively. When 

the thickness of TiO2 increases from 5 nm to 10 nm, the leakage current shows a nearly 

100 times reduction. In the case of cells tested under illumination shown in Figure 5.15 

(a), a thicker TiO2 helps in having better performances. To be specific, both Jsc, FF and 

PCE increased by using bilayer ETLs with thicker TiO2 on the top. For example, the 

PCE of the cell with 10 / 15 nm TiS2 / TiO2 is about three times that of 10/5 nm TiS2/ 

TiO2, with the source of PCE increase being the higher Voc, Jsc, and FF. However, the 

change in Voc is not linear, as the 10/10 nm TiS2/ TiO2 case has the lowest Voc. In general, 

we can conclude that the cells' overall performance shows a positive correlation with 

the thickness of TiO2.  

In conclusion, the combination of thinner TiS2 and thicker TiO2 can lead to better-

performance PSCs with reduced leakage current. The effects of TiS2/TiO2 bilayer 

thickness on PSCs' performance can be concluded, as shown in Figure 5.16. 

The increase of the TiS2 thickness will lead to having a higher carrier concentration in 

the bilayer, together with higher leakage current, which will reduce the transport 

efficiency of electrons. The thicker TiS2 also has higher optical absorbance, thus 

reducing the number of carriers generated by perovskite. In contrast, the increase of 

TiO2 thickness will lead to lower carrier concentration and reduced leakage current, 

together with a small increase in mobility without affecting the perovskite's optical 

absorption. To evaluate the PSCs' stability, the J-V measurements were performed again 

for the cells after five days. The summary of the main parameters of these cells is shown 

in Appendix C. In general, the Jsc and PCE trend is consistent with the results that we 

concluded in the thickness evaluation process.  
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Figure 5.16 The effects of TiS2/TiO2 bilayer thickness on the performance of PSCs: a) thicker TiS2 

case, thicker TiS2 will increase its absorption of the light beam, and fewer carries can be generated 

by perovskite, due to the high carrier concentration and high leakage current, fewer electrons can 

be transported; b) thicker TiO2 case, the light beam will not be affected by the thickness of TiO2, 

and generated electrons can be transported more smoothly because of reduced carrier 

concentration and reduced leakage current in the bilayer. 

To further prove our conclusions, PSCs with thicker TiO2 and thinner TiS2 bilayers were 

fabricated and measured. However, all cells suffered from crystallization issues of the 

perovskite material and no cells can work properly. From XRD evaluation, it was found 

that the perovskite crystalline phase was not formed properly, showing a high amount 

of unreacted PbI2. The related devices’ data are shown in Appendix D. 

Accordingly, it can be concluded that PSCs employing ALD TiS2/TiO2 bilayers showed 

an enhancement in the performance with the increasing thickness of TiO2 and 

decreasing thickness of TiS2. This effect is attributed to higher Voc and Jsc. The reason 

is that the combination of thicker TiO2 and thinner TiS2 would reduce the leakage 

current and maybe slightly increase the electron mobility, as well as limit the amount 

of absorbed light in ETLs. 
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6 Conclusions and Outlook 

6.1 Conclusions 

In this project, the chemical, energetic, electric, and optical properties of atomic layer 

deposited TiS2 based layers have been systemically examined. To adjust the semi-

metallic nature of TiS2 for perovskite solar cell applications, plasma oxidation and a 

bilayer structure were adopted and characterized. In parallel, the TiS2/TiO2 bilayers with 

different thickness combinations have been deposited and implemented in perovskite 

solar cells as electron transport layers. The following research questions have been 

presented already in the Introduction Chapter. In this section, the answers to those 

questions have been provided. 

1. What are the properties of the pristine ALD titanium disulfide?  

The atomic layer deposited titanium sulfide is a 2D semi-metallic material with a work 

function located at 3.96 (±0.03) eV. The layer is amorphous with carbon (~23%), 

oxygen (~11%), and nitrogen (~4%) impurities. Due to its semi-metallic nature, this 

layer is highly conductive with a resistivity of 1.6·10-3 mΩ·cm. The low resistivity 

value originates from its high carrier concentration, but not mobility. The material 

absorbs among the visible wavelength range with an average 80% transmittance.  

2. How are the properties of ALD titanium disulfide related to the efficiency of 

perovskite solar cells? 

The energy levels determine whether the electrons photogenerated from the perovskite 

absorber can be efficiently transported. The ALD TiS2 has a semi-metallic energy level 

structure, indicated by an overlapped (0.15 eV) conduction and valence bands and thus 

no selectivity for electron extraction. Therefore, it would not lead to working devices. 

It can also be expected that the electric properties will affect the transport of the 

extracted charges. Because the ALD TiS2 has a very high carrier concentration 

(2.06·1022 cm-3), there is a high possibility for electron scattering, leading to low 

electron mobility (0.19 cm2/V·s), meaning the transport efficiency of electrons is poor. 

Finally, the optical properties of TiS2 are also not beneficial. Because TiS2 is used as an 

ETL in an n-i-p PSC, the light will first travel through the TiS2 layer before being 

absorbed in the perovskite absorber.  

According to the JV measurements conducted for the PSC used pristine TiS2 as an ETL, 

a linear shape J-V curve was obtained under the light condition with poor performance, 

indicating its semi-metallic nature and the cell is not working. Further, a high leakage 

current (up to 0.5 mA/cm2) was observed under dark conditions. These results are 

indicating that the pristine TiS2 is not a good ETL candidate for PSCs. 
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3. What pathways, if necessary, can be selected in order to modify the properties of 

ALD titanium disulfide to increase the solar cell efficiency? 

In this thesis, two pathways have been developed: a plasma oxidation route for TiS2 and 

a TiS2/TiO2 bilayer structure. In the case of plasma oxidation, the semi-metallic nature 

of TiS2 is still preserved and, as a consequence, poor cell performance (1% PCE) with 

higher leakage current (0.01 mA/cm2) is obtained. The bilayer structure leads to 

working cells with the highest PCE of 7.9% while employing the 5/5 nm TiS2/TiO2 

bilayer as the ETL. The effects of the thickness combination, in the bilayer, on cell 

performance has been analyzed. As a result, the combination of thinner TiS2 and thicker 

TiO2 was considered the most suitable because of the enhanced electron transport and 

decreased light absorption. Furthermore, the introduction of TiS2 can help adjust the 

energy levels of TiO2, resulting in a better CBM alignment with perovskite, and thus a 

better performance can be obtained.   

6.2 Outlook 

In this section, some research directions are provided for the near future. 

⚫ Higher temperature process for ALD TiS2 and TiO2 

In this thesis, both ALD processes of TiS2 and TiO2 are performed at 100℃, resulting 

in amorphous layers. However, ALD films can exhibit crystallinity when grown at high 

temperatures. With better crystallinity, higher mobility can be expected, which may 

bring benefits to the cell performances. 

⚫ Implementation of higher CBM perovskites 

As the energy band diagram shows in Section 5.3.1, there seems to be an offset in the 

CB alignment at the interface between TiO2 based ETLs and the perovskite. Even if this 

mismatch is reduced by employing the TiS2/TiO2 bilayer, there is still a small energy 

offset. If another perovskite with a higher CBM position (such as MAPbI3) can be 

implemented, the energy barrier may be suppressed and electrons could be more 

efficiently extracted, improving the cell performance. 

⚫ Evaluation of the charge recombination at the TiO2/Perovskite interface 

In general, the performance of the cells studied in this project is far from the reference 

cell performance. Another essential factor that influences this element may come from 

interface recombination. To further understand how this recombination happens and 

how it can affect the cell performance, impedance spectroscopy can be applied for 

further investigations.  

⚫ Introduction of passivation layers in perovskite solar cells 

A lot of recently reported studies have shown that a reduction in the hysteresis could be 

achieved by introducing organic passivation layers, such as PCBM [26, 49, 161]. These 
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layers can help passivate interface defects. All of our cells' J-V curves in this project 

showed a very high hysteresis, which badly affected the fill factors. By introducing a 

passivating layer with good energy level alignment may effectively address this 

challenge. 

⚫ Exploring other roles of TiS2 in perovskite solar cells 

Since TiS2 has been proven to have a strong semi-metallic nature, it seems that 

employing TiS2 as an electron transport layer is not the best choice. However, other 

roles in PSCs, such as being used as an electrode material or as an interconnect layer 

for perovskite solar cells in a series tandem configuration, maybe more suitable based 

on its semi-metallic properties.   
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Appendix A The additional XPS spectra of TiS2 based layers 

 

Figure A.1 The XPS surveys spectra of the pristine TiS2 (a) and plasma O2 exposed TiS2 

for 360 seconds. The survey spectra indicate the presence of N, C, and O impurities 

from the ALD process. The thickness of these layers is 10 nm. 

 

 

 

Figure A.2 The XPS C1s a) and N1s b) spectra of the pristine ALD 10nm TiS2 layer. 
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Figure A.3 The XPS S 2p spectra of ALD TiS2/TiO2 bilayer and pristine TiO2 layers. 

Appendix B The preliminary cell data employing plasma O2 treated 

TiS2 as electron transport layers  

 

Figure B.1 J-V curves of perovskite solar cells with solution-processed SnO2 (reference), 

pristine 10 nm TiS2, air-exposed (30 mins) 10 nm TiS2, plasma O2 exposed (360s) 10 

nm TiS2 ETLs in a) standard AM 1.5 light condition and b) dark condition. Dash lines 

represent forward scans, and solid lines represent reverse scans. 
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Appendix C The summary of cells’ data employing TiS2/TiO2 bilayers 

as ETLs after five days   

The main parameters of the perovskite solar cells after five days with TiS2/TiO2 

bilayer as ETLs. PSCs are stored in an N2 gas glovebox (O2, H2O<0.1 ppm). 

ETL Voc (V) Jsc (mA/cm2) FF PCE (%) 

5/5 nm TiS2/TiO2 0.7 5.76 0.29 1.19 

5/10 nm TiS2/TiO2 0.9 11.14 0.28 2.82 

5/15 nm TiS2/TiO2 0.92 14.99 0.28 3.94 

10/5 nm TiS2/TiO2 0.66 3.88 0.28 0.63 

10/10 nm TiS2/TiO2 0.82 7.17 0.28 1.66 

10/15 nm TiS2/TiO2 0.64 10.47 0.33 2.24 
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Appendix D The data related to unsuccessful PSCs due to the 

crystallization problem of perovskite 

 

Figure D.1 The XRD spectrum of perovskite on different substrates. The formation of 

PbI2 and low crystallization of perovskite can be confirmed, 

 

Figure D.2 J-V measurement results of fresh perovskite solar cells in the unsuccessful 

batch: a) open voltage, b) short current density, c) fill factor, and d) PCE. 
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