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ABSTRACT  
   

Perovskite solar cells are the next generation organic-inorganic hybrid technology 

and have achieved remarkable efficiencies comparable to Si-based conventional solar cells. 

Since their inception in 2009 with an efficiency of 3.9%, they have improved tremendously 

over the past decade and recently demonstrated 25.2% efficiency for single-junction 

devices. There are a few hurdles, however, that prevent this technology from realizing their 

full potential, such as stability and toxicity of the perovskites. Apart from solution 

processing in the fabrication of perovskites, precursor composition plays a major role in 

determining the quality of the thin film and its general properties. This work studies novel 

approaches for improving the efficiency and stability of the perovskite solar cells with 

minimized toxicity. The effect of excess Pb on photo-degradation in MAPbI3 perovskites 

in an inverted device architecture was studied with a focus on improving stability and 

efficiency. Precursor concentration with 5% excess Pb was found to be optimal for better 

efficiency and stability against photo-degradation. Further improvements in efficiency 

were made possible through the addition of Zirconium Acetylacetonate as a secondary 

electron buffer layer. A concentration of 1.5mg/ml was found to be optimal for 

demonstrating better efficiency and stability. Partial substitution of Pb with non-toxic Sr 

was also studied for improving the stability of inverted devices. Using acetate-derived 

precursors, 10% Sr was introduced into perovskites for improvements to the stability of the 

device. 

In another study, triple-cation perovskites with FAMACs cations were studied with 

doping different amounts of Phenyl Ethyl Ammonium (PEA) to induce a quasi 2D-3D 

structure for improved moisture stability. Doping the perovskite with 1.67% PEA was 
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found to be best for improved morphology with fewer pinholes, which further resulted in 

better VOC and stability. A passivation effect for triple-cation perovskites was further 

proposed with the addition of a Guanidinium Iodide layer on the perovskite. Concentrations 

of 1mg/ml and 2mg/ml were demonstrated to be best for reducing defects and trap states 

and increasing the overall stability of the device.  
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Today’s primary energy sources, Oil and Coal, are tending towards an eventual 

decline, which would force us to replace them with renewable energy sources [1]. Global 

production of oil is forecasted to drop in the next few decades, according to several 

estimates [2]. This drop in the production would eventually result in a rise in oil prices, 

which would necessitate the utilization of various renewable energy sources such as Solar, 

Hydroelectric, Tidal, and Wind energy systems [3]. Fossil Fuels are also known to cause 

other issues such as a rise in greenhouse gases, which can have significant environmental 

impacts and do not promote sustainable living [4]. The CO2 emissions resulting from 

excessively burning these fossil fuels, and increased human activity, increase the global 

temperature by a 0.6 – 0.7 0C every year [5–7].  

 

Fig. 1.1 Estimation of World’s energy consumption by 2030 [4]  
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Fig. 1.2 Carbon dioxide emissions from the top four emitters of the world (China, USA, 

EU28, and India) [8] 

Renewable energy sources are regarded as the best possible solution to these issues. 

From bringing down CO2 emissions to promoting sustainable living conditions, these 

sources are not only capable of generating the energy necessary to power the whole world 

but also are eco-friendly. Only three renewable energy sources: biomass, geothermal, and 

solar can be used for power generation, given the amount of heat that energy that can be 

extracted. Given that geothermal sources are contained by fewer locations, and biomass is 

not present everywhere, solar energy has the highest potential to become the primary 

energy source. The amount of solar energy irradiant on the earth is approximately 342 Wm-

2, 30% of which is either reflected back or scattered elsewhere [9]. The remaining 70% 



  3 

(239 Wm-2) is available for harvest [9]. Across the earth, annual effective solar irradiance 

varies from 60 to 250 Wm-2 [10]. Fig. 1.3 shows the annual average intensity of solar 

radiation over the surface of the earth. The “black dot” areas are estimated to provide more 

than the world’s total primary energy demand, given a conversion efficiency of 8%[11]. 

Amongst all the places across the globe, Africa is theoretically estimated to receive 470-

660 petawatt hours (PWh)[12]. Other areas, such as the south-western US, central and 

south America, Middle East, India, Pakistan, etc., are estimated to generate 125-gigawatt 

hours (GWh)[13]. This information shows the scope to exploit Solar energy as a resource 

for the primary energy needs of the world. 

 

 

Fig. 1.3 Annual average solar irradiance distribution over the surface of the earth [11] 

Solar energy can be classified into two types: active and passive energy 

technologies. Passive energy technology can be further classified into Direct, Indirect, and 

Isolated solar gain, and these techniques are outside the scope of this report. Active solar 

energy can be grouped into two categories – Photovoltaic and Solar Thermal technology. 
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Solar thermal technology involves practices where solar energy is converted into thermal 

energy for various commercial and domestic applications and is these topics are also 

outside the scope of this work. Photovoltaic technology involves the use of semiconductors 

to convert sunlight into electrical energy, and this area has seen several efforts from 

Researchers and Scientists across in development.  

1.2 Current Solar Technologies  

Several innovations have spurred the growth of the now commercially available 

inorganic solar cells. These comprise mono-crystalline Silicon (Si), III-V compounds and 

alloys,..3 Cadmium Telluride (CdTe), copper indium gallium diselenide (CIGS) [14]. 

Mono-crystalline Si solar cells are reported to have the highest of 25.6% efficiency to 

date[15]. The current market is dominated by Si-based solar cells with a 90% market share, 

and the technology has already matured with current efforts being focused only on cost 

reduction of modules. Since the crystalline Si requires defect-free processing and high 

thickness to be efficient, it requires costly equipment and conditions for large scale 

manufacturing [16,17]. Alternative inorganic materials such as CdTe and CuInGaSe2 have 

fewer requirements to demonstrate 21% efficiency [15,18], but the costs involved in the 

processing are still high. Multi-junction solar cells making up of multiple absorbers 

demonstrated 46% efficiency [15] and are mostly used for non-commercial based 

applications given their high production cost. However, a major challenge for the PV 

community with these solar cells is the high production cost. The high costs pushed 

researchers to pursue the so-called ‘third-generation’ solar cells to overcome the limitations 

of the previous ones with the appeal of simpler processing routes and cheaper fabrication 

procedures required. Organic solar cells (OSCs) that are made up of polymers and organic 
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molecules have received a lot of interest given their simpler processing and operation at 

lower temperatures (25-200 0C). [19–22]. The simple solution processing methods adopted 

in the synthesis of these devices allow the tailoring of the composition and hence the 

performance [23,24]. Hybrid organic-inorganic solar cells such as Perovskite Solar Cells 

(PSCs) have emerged as a prime candidate for photovoltaic applications and fall under the 

class of emerging photovoltaics. Single-junction PSCs have surpassed all emerging 

photovoltaics in terms of efficiency delivered, which is very profound, given that they were 

explored as solar cell absorber materials only in 2009 (see Fig. 1.4). However, there is still 

a lot of room for improving the efficiency and stability through precursor concentration 

control and addition of buffer layers to facilitate better charge transport and extraction. 

 

Fig. 1.4 Best solar cell efficiencies (National Renewable Energy Laboratory 

(NREL)) [18] 
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1.3 Outline of the Thesis 

The focus of this dissertation is to realize methods to improve the efficiency and 

stability of PSCs. In that regard, approaches related to composition tuning of the perovskite 

and additional layers for passivation and charge transport were developed, for optimizing 

the efficiency and stability of the device, with a focus also on minimizing the toxicity of 

the perovskite. Chapter 2 presents an overview of perovskites and discusses the common 

materials and architectures of PSCs and processing methodologies used in the research 

community. Chapter 3 discusses the impact of excess Pb on the photo-degradation of PSCs. 

Chapter 4 discusses the influence of adding Zirconium Acetylacetonate as a secondary 

buffer layer for improved efficiency through better charge extraction. Chapter 5 discusses 

the partial substitution of Pb with non-toxic Sr up to 30%, with improved stability. Chapter 

6 presents a discussion on the effect of introducing Phenyl Ethyl Ammonium into Triple-

cation perovskite for improved VOC and stability. Chapter 7 discusses the addition of 

Guanidinium Iodide as a passivation layer on Triple-cation perovskite for improved 

efficiency and stability.  
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CHAPTER 2 

PEROVSKITE SOLAR CELLS: AN OVERVIEW 

Organic-inorganic halide PSCs have received a lot of attention from the solar 

research community, which could be attributed to the dramatic rise in efficiency from 3.8% 

to over 25% [18]. With PSCs suggested as potential alternatives to silicon photovoltaics 

and with researchers working on dye-sensitized solar cells (DSSCs) being able to relate to 

PSCs due to some similarities in materials and principles, a lot of progress was made 

possible with an eye for commercialization. The use of cheaper methods to fabricated PSCs 

made them more attractive with large-scale roll-to-roll manufacturing demonstrated in 

several reports [25–27]. 

The origin of perovskites can be traced to the initial discovery of calcium titanate 

as a mineral and was subsequently named after Lev Perovski. All compounds occurring in 

the same crystal structure were referred to as Perovskites. A more detailed discussion on 

the structure and properties of perovskites is presented in the following sections. 

2.1 Materials and Principles of Working 

2.1.1 Crystal structure and phases 

The perovskite structure can be defined as ABX3, where A and B refer to two 

cations of different sizes, and X is the anion that bonds to both. Among several compounds 

and elements that can be part of the structure, CH3NH3PbX3 is most commonly reported 

for solar cell applications. Methylammonium (MA) here is the A cation surrounded by 

PbX6 octahedra, as shown in Fig. 2.1. X is the usually a halide element such as iodide or 

chloride or bromide, or a combination of these. The structure formation is estimated using 

Goldschmidt’s tolerance factor ‘t,’ as per the equation: 
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   t = (rA+rX) / 21/2 [rM + rX]   (2.1) 

where rA, rM, and rX are effective ionic radii for A, M, and X ions, respectively [28]. 

Tailoring of the composition is possible with different combinations of anions and cations 

as long as they satisfy the criterion. 

 

Fig. 2.1 Crystal structure of perovskite: MA+ 

represented by green; Pb2+ represented by grey and I- 

represented by purple [29] 

The perovskite structure is determined by the 

size of the organic cation. In the above case, MA was used to describe a common 3D 

structure. However, if a larger organic cation is introduced, a structure with alternating 

layers of organic and inorganic compounds, held together by van der Waals forces, is 

formed. The 3D perovskite structure is known to form four sold phases, of which three are 

perovskite-based (α, β, γ) and one non-perovskite (δ) phase. At high temperatures (>327K), 

the α phase is observed in a cubic structure, and lower than 327K and phase transition is 

observed from α to β. MA cation is known to be disordered in both these phases. An 

orthorhombic structure is realized at lower temperatures than 162K, where the γ phase is 

observed with highly ordered MA cations. Rotation of MA cations is known to be rapid at 

higher temperatures and little or no rotation at low temperatures. The fourth δ phase is 

understood as being formed in solvent environments and is currently under investigation 

[30]. 
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There are several advantageous properties for a perovskite absorber such as (i) 

strong optical absorption; (ii) high electron and hole mobilities and long diffusion lengths 

(orders of µm); (iii) superior defect tolerance; (iv) low surface recombination rates; (v) 

grain boundaries that limit recombination [31–33]. With a tunable bandgap of 1.55 eV, a 

wide range of wavelengths can be captured for generating charges from the perovskite 

absorber [34]. This property helps incorporate other elements into the perovskite resulting 

in a change in the bandgap and corresponding absorption properties. Fig. 2.2 shows the 

energy level diagram for different combinations of perovskite materials.  

 

Fig. 2.2. Schematic illustration of the energy level diagram with different perovskite 

compound combinations [34] 

2.1.2 Operating principles of PSCs 

Organic materials are known for high absorption coefficients for thin layers (100nm 

– 200nm), which make them suitable candidates for these devices [35,36]. In PSCs, 

however, exciton generation is not reported, but rather charges are created and separated 

efficiently based on energy level differences between the various layers in the device [35]. 

The diffusion of generated charge carriers is very important in understanding the working 
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of PSCs. The average diffusion length of charges is estimated using the diffusion 

coefficient (D) and recombination lifetime τ, according to the equation:  

    LD = √��   (2.2) 

Balanced charge transport is an advantageous property of PSCs, as demonstrated 

by Xing [37]. Photoluminescence spectroscopy and transient absorption measurements 

were used to estimate the diffusion lengths as LD
e ~ 1069nm and LD

h ~ 1213nm for electron 

and hole, respectively. For higher efficiency without recombination, the diffusion lengths 

need to be larger than the typical thickness of the absorption layer [38].  

Regarding the functioning of the device, the perovskite absorbs photons and creates 

electron-hole pairs. The electrons and holes are separated at the interface of the perovskite 

and the charge transport layers and travel to the back contacts into the external circuit. The 

process occurs in a few picoseconds and can be detailed in three different steps: 

(a) Charge generation 

Perovskites are known to have low exciton binding energies (~2 meV), which 

implies the process of generation charges is not through excitons [39], which is unlike 

conventional organic solar cells. The efficient generation of carriers is highly possible in 

perovskite, given that it is non-excitonic in nature. When the light of a bandgap higher than 

the Fermi energy is incident on the perovskite, the energy absorbed results in the 

dissociation of electrons and holes, which move into the empty molecular orbitals. 

(b) Charge transport and recombination 

As mentioned previously, the electron and hole effective masses are very close, and 

the spin-orbit coupling is very strong, due to the presence of heavy elements such as Pb 
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[40,41]. While transport of generated charge carriers is accomplished by having charge 

selective layers, recombination is to be avoided at all costs. Efficient charge extraction 

requires well-defined interfaces and the appropriate thickness of the corresponding layers 

to support the diffusion. In a realistic situation, several causes can prevent this, and some 

of the important ones are (i) annihilation of charges through photoluminescence, (ii) non-

radiative recombination, and (iii) recombination at the interface, usually resulting in heat 

release.  

(c) Charge extraction 

The choice of the charge transport materials is based on the Fermi level alignment 

with respect to the perovskite, as shown in Fig. 2.3 to facilitate the efficient extraction 

process. Further on, the common materials used and configurations will be discussed in the 

later section of this chapter. The built-in electric field in the perovskite and the interface is 

responsible for the charge movement, and band-bending is observed after equilibrium is 

reached.  

 

Fig. 2.3. Band level alignment of PSCs 
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2.2 Common Device Architectures 

Several configurations, such as mesoporous-conducting scaffold; mesoporous-

insulating oxide; planar; HTM-free, and inverted, are commonly used in the research on 

PSCs [33]. The highest efficiencies reported were of planar (21% PCE) [42] and planar 

(20.7% PCE) [43]. Planar and inverted configurations and corresponding materials will be 

discussed further. 

2.2.1 Planar PSC 

A planar configuration, as shown in Fig. 2.4, consists of a hole blocking layer on 

top of a transparent conductive oxide such as Indium doped Tin Oxide (ITO). The 

perovskite is deposited on top of the blocking layer, and a hole transport material (HTM) 

is deposited on top of the perovskite, and a back contact such as Ag or Au is thermally 

evaporated on top of the HTM. TiO2, generally known for its mesoporous properties, can 

be employed as hole blocking material by making it compact and reducing thickness [44]. 

Other materials such as ZnO were later explored for utilizing their high electron mobility 

properties [27]. Further improvements in efficiency were achieved by using SnO2 [43]. 

SpiroOMeTAD is usually the choice of hole transport material given its superior charge 

transport properties and favorable fermi levels [27,33,43]. Hysteresis is an effect where the 

forward and reverse scans generate different I-V curves. The origin of this is pointed to the 

capacitive effect of the perovskite arising due to ion movement [45]. Guo et al. used P3HT 

based HTM to minimize the hysteresis and reported 12.4% PCE [46].  



  13 

 

Fig. 2.4. The planar architecture of PSCs 

2.2.2 Inverted PSC 

As the name suggests, in an inverted configuration, the hole transport layer (HTL) 

is first deposited on top of the ITO/glass. This is followed by the perovskite and then the 

electron transport layer (ETL). The structure is as shown in Fig. 2.5. Poly (3,4-ethylene 

dioxythiophene) polystyrene sulfonate (PEDOT: PSS) is commonly reported as the HTL, 

with one of the first devices reported by Jeng et al. [47]. C60 derivatives such as [6,6]- 

phenyl C61-butyric acid methyl ester (PCBM) were soon developed with efficiency 

increasing to 16% [48]. PEDOT: PSS is known to be hygroscopic in nature, which 

compromises the long-stability of the device, and hence Nickel Oxide was used to replace 

it as the HTM [49]. Further development in overcoming the instability of the polymer-

based layers led to the use of NiO and crystalline SnO2 as the HTL and ETL in an inverted 

configuration with an efficiency of 18.8% with the stability of almost 90% PCE being 

maintained over 30 days [50].  
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Fig. 2.5. The inverted architecture of PSCs 

2.3 Research Thrusts and Challenges  

Perovskite solar cells (PSCs) are a relatively new class of photovoltaic technology, 

which has seen a remarkable high in power conversion efficiency (PCE), mainly possible 

due to the ease of optimization of the individual layers. The versatility of processing 

techniques and low costs also made this technology to be developed faster. A lot of research 

activity was dedicated to improving the efficiency and stability of the device for potential 

alternatives to existing Si-based solar cells. While a high efficiency of 23.3% has been 

achieved for a small area device of 0.09 cm2[18,51], and the precursors are earth abundant-

materials [52] (Fig. 2.6), poor stability of the device hamper PSCs to realize their full 

potential [53]. The perovskite thin-film growth mechanism is governed by several factors, 

such as the solvent and the antisolvent properties, annealing processes, and precursor 

concentration. A variety of solvents such as Dimethyl Formamide (DMF), dimethyl 

sulfoxide (DMSO), N, N dimethylacetamide (DMA), γ-butyrolactone (GBL) are 

commonly employed in the dissolving of perovskite precursors [54]. Since DMF and 

DMSO are widely used in dissolving the perovskite precursors, the discussion in this work 

is limited only to these solvents.  
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Fig. 2.6. Atom fraction of elements used in different types of solar cells, Si solar cells 

(blue squares); PSCs (Red circles); CdTe, and CIGS (purple triangles). Major industrial 

metals and precious metals are classified according to Goldschmidt rules [52,55] 

 

 

2.3.1 Toxicity In Perovskites 

The toxicity of the solvents and materials used in the perovskites are cause for 

concern. Solvent-free deposition and solution-based approaches that use chemicals with 

minimal toxicity [56,57] still need further research. Besides the solvents, the lead (Pb) in 

the perovskite is one of the primary sources of toxicity. The development of lead-free solar 

cells would always be desirable for commercial applications. Ideally, some of the critical 

properties such as narrow bandgaps, high optical absorption coefficients, high mobilities, 

low exciton-binding energies, long charge-carrier lifetimes, and good stabilities are key 

towards the development of lead-free perovskites [58]. Few materials can meet the above 

criteria while offering the structural integrity to the perovskite – Sn/Ge based halides, Bi/Sb 

based halides, as shown in Fig. 2.7. [59,60].  
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Of the various materials, one of the best performances for a lead-free perovskite 

was first demonstrated by the Kanatzidis group [61], and this was followed by several 

improvements with a more recent report demonstrating 9.6% [62]. Both of the works were 

based on Sn-based perovskites, and these materials, although had low VOC’s (~0.5V), gave 

high current densities due to the lower bandgap (1.10 – 1.20 eV) [60]. The main 

disadvantage with Sn-based perovskites is the unwanted oxidation of Sn2+ to Sn4+which 

leads to more p-type properties resulting in too high dark carrier concentration and large 

carrier recombination [58]. 

 

Fig. 2.7. a) Potential A-site cations (organic MA and FA or inorganic Cs and Rb), metals, 

and halides (I, Br, Cl) for perovskite structure b) Bandgaps of various materials 

Ge based perovskites are relatively less explored, given that they possess much 

wider bandgaps such as 1.9eV and 2.2eV for MAGeI3 and FAGeI3, respectively [58]. 
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Alloys of Sn and Ge with Cs as the A-site cation possess a narrower bandgap of 1.5eV and 

demonstrated a PCE of 7.11% [63]. Other elements outside Sn and Ge are underexplored 

as a means of replacing Pb. Sr is one of the elements where its inclusion in small 

percentages proved to improve the optoelectronic properties by means of passivation in the 

inorganic CsPbI2Br perovskites[64]. A remarkable 10.8% PCE was obtained with 

Sr2+ acting a passivating agent on the surface of the perovskite. Higher fill factors were 

also reported due to the addition of 5% Sr [65], but the amount of Sr introduced was limited 

to very little (<10%).  

2.3.2 Processability and Stability of Perovskites 

The photovoltaic industry requires upcoming technologies to be very robust and 

demonstrate long-term stability. To be able to compete with Si-based solar cells, PSCs 

should match or get better than the conventional degradation rate of 0.5% per year – 

ensured over 25 years [66]. However, the volatile nature of the organic cations tends to 

accelerate the degradation under moisture and heat conditions, especially when the 

temperature is around 85 0C [67]. Since the stability of the perovskites is largely owed to 

the structural integrity and configuration, sizes of the A and X ions in the ABX3 

configuration play a significant role in the stability [68]. One of the reports that reported 

better moisture stability is due to partial replacement of the large I ion with the smaller Br 

ion and the formula being MAPb(I1-xBrx)3, thereby transforming the tetragonal structure to 

cubic [69]. Some of the other efforts were dedicated to improving stability by employing 

metal-oxide charge transport layers [70] and performance by incorporating smaller cations 

into the perovskite matrix [71]. In that regard, the ‘mixed cation’ and ‘mixed halide’ 

perovskite compositions – FA0.83Cs0.17Pb(I0.6Br0.4)3 were studied extensively, and the Cs 
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insertion was deemed to improve the stability through the transition from black to yellow 

phase [72,73]. Devices based on the above composition maintained 80% of “post-burn-in” 

efficiency after 650 hours while the same efficiency was maintained after 3400 hours in 

sealed conditions [74]. Alternative methods of improving stability would be to use 

inorganic charge transport layers, which last longer and slow the degradation of the devices 

[75,76].  

The majority of the research on perovskites was conducted on planar architectures, 

although inverted architectures were known for lower processing temperature and simpler 

fabrication routes [77,78]. As mentioned earlier, triple-cation perovskites proved to 

demonstrate better performance and stability; however, investigation of this composition 

of perovskites in inverted architectures is limited and hence a necessary thrust for progress 

towards commercialization. The stability of solar cells is a pre-requisite for proper working 

and performance due to the possibility of exposure to various conditions. The materials 

used should therefore be able to retain the stability in a given atmosphere over extended 

durations. There is still a long way to go before PSCs can reach full-scale 

commercialization on large scale panels with an area greater than 12cm2 [79]. Various 

methods such as screen-printing, slot-die coating, spray-coating, and soft-cover coating 

methods have been developed towards preparing PSC modules on the scale of tens of sq. 

centimeters [80]. Alternative processing methodologies are required to achieve large scale 

deployment of perovskites in the industry.  
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CHAPTER 3 

IMPACT OF EXCESS LEAD ON THE STABILITY AND PHOTO-INDUCED 

DEGRADATION OF LEAD HALIDE PEROVSKITE SOLAR CELLS 

3.1 Introduction 

Organic-Inorganic lead halide perovskite solar cells (PSC) have emerged as one of 

the most promising thin-film photovoltaic technologies. This emergence is attributed to the 

cost-effectiveness of their manufacturing methods and low-temperature synthesis 

processes [22,81,82], and their high power conversion efficiencies (PCE) [21,75,83–86]. 

However, instability in device performance due to photo-degradation is a major concern 

for the advancement of perovskite solar cells [87–89]. Several reports show that prolonged 

illumination to sunlight leads to device degradation [90,91]. Such degradation is attributed 

to several factors.  Ito et al. have reported that perovskite film degradation could be a key 

reason [92]. Device degradation has also been attributed to a combination of light and 

thermal influences  [93]. Interfacial degradation between the transport layer and the 

corresponding electrode has also been reported [94]. In this investigation, the formation of 

trap states due to ion migration is also a reason for the degradation in device performance 

[95–97]. Hence, the analysis of these defects [98] is important, and so is the elucidation of 

their impact on the stability of PSCs.  

Lead iodide residue is commonly formed during solar-radiation induced 

degradation of PSCs, together with trap states in different environments [93,99]. A group 

of investigators has demonstrated improved device stability by using crosslinking 

additives, compositional engineering, and the addition of other precursor materials [100–

102]. Additives such as Benzoquinone are added to suppress the occurrence of trap states, 
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and thereby, to improve device stability [103]. However, solar-radiation induced 

degradation needs to be further explored since solar cells typically operate under constant 

illumination.  

In this work, glass/ITO/PEDOT: PSS/MAPbI3/PCBM/Ag devices were fabricated 

with an inverted architecture, using lead acetate as source material. Characterization of the 

devices shows that adding excess lead into the precursor solutions (that were used for the 

perovskite active layer) results in higher stability (for exposure to prolonged illumination) 

compared to samples fabricated with no excess Pb in their precursor solutions. This 

increased stability against prolonged exposure is attributed to the formation of PbI3 in the 

perovskite layers. 

3.2 Experimental Procedure 

The experimental procedure in this study was similar to that reported for our 

previous work [104]. Methylammonium iodide was purchased from Dyesol, and lead 

acetate trihydrate (Pb(OAc)2·3H2O) was purchased from Alfa Aesar. Both materials were 

used as received. An initial perovskite precursor solution was prepared by dissolving 3.0 

mmol MAI and 1.0 mmol Pb(OAc)2·3H2O in 1 mL of anhydrous DMF solution. Three 

different perovskite solutions were then prepared with differing excess Pb concentrations: 

0 mol%, 5 mol%, and 10 mol%. 

Indium-doped tin-oxide (ITO) coated glass substrates were cleaned in the following 

sequence: detergent solution, deionized water, acetone, and isopropyl alcohol, followed by 

UV-ozone treatment for 10 min for each process step. The substrate was 2.5cm×2.5cm in 

size, and the active device area (defined by the overlapping of ITO and Al electrodes) was 

0.2 cm2. Poly(3,4-ethylene dioxythiophene): poly(styrene sulfonate) (PEDOT: PSS, 



  21 

Clevious PVP Al4083 filtered through a 0.45 μm filter) was spin-coated onto the ITO 

substrates at 4000 rpm, followed by a thermal anneal at 130 oC, for 15 min in a glovebox. 

Pb(OAc)2:MAI solutions were then spin-coated onto the PEDOT layers for 60s at 4000 

rpm. A thermal anneal was then performed at either 80 oC for 15 min or 90 oC for 5 min to 

form the perovskite films. Phenyl-C61-butyric acid methyl ester (PCBM, Aldrich) was 

dissolved in chlorobenzene, to result in a concentration of 20 mg/mL, and was then spin-

coated on top of the perovskite layer at 1000 rpm for 30 sec. The devices were then 

completed, with thermal evaporation of an 80 nm thick Al electrode.  

The as-prepared samples were characterized using scanning electron microscopy 

(SEM-XL30 Environmental FEG (FEI)). X-ray diffraction (XRD) measurements were 

performed with an X-ray Diffractometer using an anode tension of 40 kV and a filament 

current of 45 mA to produce Cu Kα radiation. A step-size of 0.01 degrees was used during 

the analysis. UV-Vis absorption spectra were recorded using a Cary 5000 UV/VIS 

spectrometer. The lifetimes of charge carriers were determined from Photoluminescence 

(PL) characteristics, using a Picosecond Time-Correlated Single Photon Counting 

(TCSPC) Spectrofluorometer. The PL decay time for each perovskite film was monitored 

at 775 nm with a femtosecond Ti:S laser (Spectra Physics) with a frequency doubler and a 

pulse selector. The excitation wavelength was fixed at 425 nm. 

Current density-voltage (J-V) characteristics of the solar cells were measured using 

simulated AM 1.5 global solar irradiation (100 mW/cm2) from a xenon-lamp solar 

simulator (Spectra Physics, Oriel Instruments, USA). For illumination aging, the samples 

were placed under the solar simulator for prolonged time intervals before recording the J-

V characteristics. In order to minimize the influence of moisture, the devices were placed 
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into sealed environments and transferred to characterization tools. 

 

3.3 Results and Discussion 

The degradation of the current density of the devices as a function of time under 

constant illumination is shown in Fig. 3.1. As reported in our previous work, 5% excess Pb 

content resulted in the highest PCE, with a value of 12.9 %, initially [104]. Following the 

5% device, 10% and 0% excess Pb devices with PCE values of 8.8 % and 7.2 %, 

respectively. Under simulated solar illumination, the device’s PCE followed a similar trend 

of degradation over time, as shown in Fig. 3.2. The degradation trend of the PCE shows 

that the 5% Pb structure retained the highest efficiency after 1 hour of constant illumination 

when compared to the other samples. Various solar cell device parameters before and after 

degradation are tabulated in Table 3.1. While the JSC degraded significantly, the VOC and 

FF remained similar for all of the devices after illumination aging. The degradation trends 

of Voc and FF of devices (measured every 10 minutes for 1 hour) are plotted in Fig. 3.3a 

and 3.3b, respectively.  

  
      Figure 3.1. JSC degradation with time        Figure 3.2 PCE degradation with time 
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Fig. 3.3 Photo-degradation of photo-voltaic properties of PVS device with illumination 

time (T), (a) VOC - T curve, (b) FF - T curve 

Table 3.1. Solar cell device parameters for different devices 
 

Sample 
details 

PCE 
(%) 

JSC 

(mA/cm2) 
VOC 

(V) 
FF 

0% initial 7.23 -21.12 0.84 0.48 
0% degraded 3.18 -8.50 0.81 0.45 

5% initial 12.91 -25.11 0.81 0.63 
5% degraded 8.27 -17.73 0.80 0.57 
10% initial 8.78 -16.11 1.00 0.56 

10% degraded 3.62 -6.54 0.95 0.54 
     

 
To further investigate the behavior of the devices, absorbance spectra were 

measured before and after illumination, and are shown in Fig. 3.4. The absorbance does 

not show any significant reduction with time, for all of the samples. However, a distinct 

hump is observed around 500 nm [99] for both 5% and 10% excess Pb samples. This can 

be attributed to an increased presence of PbI2 in these samples when compared to the 0% 

excess sample [99,105]. The higher PbI2 is a direct result of higher Pb precursor 

concentrations. The reaction for the formation of MAPbI3 and its decomposition can be 

summarized as follows [99,104]: 
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Pb(CH3COO)2+3CH3NH3I→CH3NH3PbI3+2CH3NH3CH3COO↑   (3.1) 

CH3NH3PbI3→PbI2+CH3NH2+HI        (3.2) 

  

 

Fig. 3.4 UV-Vis spectra of PVS layer derived from solutions with a) 0% excess Pb, (b) 5% 

excess Pb, and (c) 10% excess Pb 
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Fig. 3.5 a) XRD spectra of all samples before and after degradation, b) MAPbI3 peak, and 

c) PbI2 peak enlarged 

The formation of PbI2 is further evident from the XRD data shown in Fig. 3.5. The 

initial patterns showed that the MAPbI3 peak is highest for the 5% excess Pb sample when 

compared to the 0% and 10% excess Pb samples. Photo-degraded samples show a decrease 

in the crystallinity of the (110) peak. This indicates structural degradation occurring due to 

the decomposition of MAPbI3 and the formation of PbI2. Zoomed graphs (Figs. 3.5b and 

3.5c) show a decrease in the peak intensity from the MAPbI3, with a simultaneous increase 

in PbI2 at 12.670 in all of the samples. Since the 0% excess sample does not have any excess 

Pb, the intensity of the newly formed PbI2 is barely visible when compared to the higher 



  26 

intensities from the 5% and 10% excess Pb samples. For correlation with these XRD 

results, SEM images were taken of the samples before and after degradation. However, no 

significant changes were visible in any of the images, as shown in Fig. 3.6. 

 

Fig. 3.6. Surface morphologies of PVS films before and after photo-illumination a), c) and 

e) for pristine samples derived from solutions with 0%, 5%, and 10% excessive Pb, 

respectively and b), d), and f) for photo-degraded samples derived from solutions with 0%, 

5% and 10% excessive Pb, respectively 

 

Fig. 3.7 TRPL spectra of pristine and photo-degraded PVS layer. a) 0% excess Pb, b) 5% 

excess Pb, and c) 10% excess Pb 
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Fig. 3.8 TRPL spectra of pristine and photo-degraded PVS layer with PCBM. The PVS 

layers are derived from solutions with a) 0% excess Pb, b) 5% excess Pb, and c) 10% excess 

Pb 

 

Fig. 3.9 TRPL spectra of pristine and photo-degraded PVS layer with PEDOT. The PVS 

layers are derived from solutions with a) 0% excess Pb, b) 5% excess Pb and, c) 10% excess 

Pb 

Table 3.2. TRPL fitting parameters of PVS active layer  

Sample details A1 A2 τ1 (ns) τ2 (ns) τPL (ns) χ
2 

0% initial 49.34 36.99 8.48 30.41 17.87 0.87 
0% degraded 134.29 16.22 1.61 18.00 3.37 1.40 

5% initial 18.77 26.19 11.22 57.80 38.35 0.99 
5% degraded 95.48 44.96 9.53 55.99 24.40 1.36 
10% initial 171.04 94.57 8.82 23.79 14.15 1.15 

10% degraded 410.62 91.80 7.50 22.82 10.29 1.49 
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Table 3.3. TRPL fitting parameters of PVS/PCBM  

Sample details A1 A2 τ1 (ns) τ2 (ns) τPL (ns) χ
2 

0% Initial 58.63 4.45 0.77 11.41 1.52 0.85 
0% degraded 30.05 5.77 0.98 5.40 0.71 83.89 

5% Initial 209.22 91.20 8.74 22.90 13.03 1.15 
5% degraded 96.73 47.17 5.96 18.26 9.99 0.87 
10% Initial 261.04 97.82 5.86 14.97 8.34 1.06 

10% degraded 65.99 56.01 4.99 13.78 9.02 1.78 
 

Table 3.4. TRPL fitting parameters of PVS/PEDOT  

 Sample details A1 A2 τ1 τ2 τPL χ
2 

0% Initial 233.10 12.89 1.57 7.28 1.86 1.17 
0% degraded 122.82 16.47 1.29 6.58 1.91 0.97 

5% Initial 160.72 71.84 4.47 21.49 9.72 1.00 
5% degraded 460.63 116.69 3.95 20.53 7.30 1.32 
10% Initial 75.09 14.38 2.35 9.28 3.85 0.93 

10% degraded 348.74 107.61 2.35 9.28 3.98 0.97 
 

To further understand the effects of PbI2 formation, Time-Correlated 

Photoluminescence (TCPL) spectra were obtained from the PVS layers and the PVS-

combined PCBM layers. The spectra are shown in Fig. 3.7, which presents the PL spectra 

of the perovskite active layer before and after degradation. The PVS and PVS/PCBM layers 

were deposited on glass, and the excitation laser irradiation was incident from the glass-

side (or rear side) with the detector on the front-side of the sample. The photoluminescence 

decay kinetics were fitted using a biexponential decay function I(t) = A1e−(t/τ
1

) + A2e−(t/τ
2

). 

To easily compare the total lifetimes of all of the perovskite films, the values of τPL were 

determined by using the relationship τPL= α1τ1 + α2τ2; where α1 = A1/(A1+A2) and α2 = 

A2/(A1+A2). The fitting parameters (τ1, α1, τ2, α2) and the corresponding errors (χ2) of the 

photoluminescence decay are listed in Tables 3.2 and 3.3 for the PVS and PVS/PCBM 
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devices, respectively. The results show that the 0% excess samples experience a significant 

decrease in τ2 (characteristic recombination lifetime) values from 30 ns to 18 ns. However, 

the 5% and 10% excess Pb samples did not show a significant reduction in lifetimes (from 

57.8ns to 55.99ns and 23.79ns to 22.82ns, respectively) when comparing their initial and 

final values. The PL spectra of the PVS active layer with the PCBM layer are shown in 

Fig. 3.8 for all the samples. A similar effect in decay for excess Pb is observed in all of the 

samples. Inspection of the 0% excess Pb sample shows a degradation of τ2 from 11.41ns 

to 5.4ns. In contrast, 5% and 10% excess samples show a lesser reduction from 15.3 ns to 

14ns and 15.0 to 13.8 ns, respectively.  

The formation of the PbI2 phase can have two distinct effects: i) grain boundaries 

in the perovskite layer are regions of defects that can be modified by the PbI2, and ii) PbI2 

can form at the interface between the active layer and the charge transport layer. Electrons 

or holes are quenched at grain boundaries, and this blocks the efficient separation of the 

charge carriers. PbI2 can have a passivating effect at the grain boundaries, as shown in Fig. 

3.10. This will then reduce carrier recombination at such boundaries [106,107]. The result 

is the retaining of initial lifetime values even after degradation, as seen in the TCPL results. 

These findings suggest that the nucleation and growth of PbI2 at grain boundaries can help 

retain carrier lifetimes for specific exposure times. 

 

Fig 3.10. Schematic of the passivation effect of PbI2 on grain boundaries 
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Fig. 3.11. Modified band structure due to the effect of PbI2 formation at the interface with 

PCBM 

PbI2 can also form at the interface between the active layer (AL) and the charge 

transport layer (CTL). In an inverted planar structure, PCBM is deposited on top of the 

active layer. If PbI2 is present at the AL-CTL interface, it can alter the band structure at the 

interface, as shown in Fig. 3.11. The conduction band minimum (CBM) and valence band 

maximum (VBM) of MAPbI3 occur at -3.93eV and -5.43eV, respectively [108]. For PbI2, 

the CBM and VBM are at -3.45eV and -5.75eV, respectively, according to Chen et al. 

[107]. Hence, when PbI2 forms at the AL-CTL interface during prolonged illumination, 

this creates a barrier that acts against the extraction of electrons (at the interface between 

the active layer and the PCBM). This alters the band structure, and as a result, the PCE 

continues to be stable for longer durations, as shown in our earlier results (Figs. 3.1 and 

3.2). However, a higher concentration of PbI2 has a negative influence, since the extraction 

efficiency is affected, resulting in faster degradation of the device as in the case of the 10% 

excess samples. The results from TCPL analysis show that the PbI2 has more influence at 

the interface between the active layer and PCBM rather than with PEDOT. This is because 

a significant reduction in carrier lifetimes was not observed in the PVS/PEDOT samples, 

before and after illumination, for all sample concentrations were shown in Fig. 3.9. This is 



  31 

due to the fact that PbI2 is formed mostly at the PVS/PCBM interface, and at grain 

boundaries [106,107].  

These results show that 5% excess Pb is the optimum concentration in the 

precursors, and the resulting formation of PbI2 is sufficient to make the device stable after 

prolonged illumination when compared to samples with 0% or no excess Pb precursor. 

Samples with 10% excess Pb content result in much higher concentrations of PbI2, which, 

combined with poor film quality, has detrimental effects on the PCE. 

3.4 Conclusion 

This work compares the stability of PCE for three groups of samples with varying 

excess Pb content in the precursor solution. Devices using films with 5% excess Pb are 

the most stable of all, with more than 50% of the initial PCE being retained after 

prolonged illumination for 1-hour. PbI2 was found to be a product of light-induced 

degradation, as confirmed by absorbance spectra and XRD analysis. However, substantial 

degradation of the MAPbI3 complex is also observed. The formation of PbI2 contributes 

to the stability of the device under simulated solar illumination due to the passivation of 

grain boundaries in the active layer and modification of the band structure at the interface 

between the active layer and the charge transport layer. This work shows that utilizing 

excess Pb in perovskite solar cells can improve stability under illumination.   
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CHAPTER 4 

IMPROVED PERFORMANCE OF INVERTED PEROVSKITE SOLAR CELLS DUE 

TO THE INCORPORATION OF ZIRCONIUM ACETYLACETONATE BUFFER 

LAYER  

4.1 Introduction 
  

Organic-Inorganic lead halide perovskite solar cells have emerged as the most 

promising thin-film photovoltaic technology. Solution-processed solar cells using organic-

inorganic hybrid perovskite compounds have garnered quite an interest recently 

[34,109,110]. High power conversion efficiencies have been reported to show promising 

potential for competing with existing technologies [72,75]. Apart from improving the 

quality of the active layer, higher performances achieved due to modifications to the 

interfaces between the photoactive layer and the electrode were equally important 

[111,112]. Amongst the modifications introduced, inorganic materials such as ZnO, TiOx, 

MoOx, NiO, WOx, and ZAC have shown promise for replacing conventional layers on a 

long term basis in both in regular and inverted architectures [113–119]. In the case of the 

inverted devices, these layers served as a cathode buffer layer for PTB7 (polymer) and 

perovskite-based solar cells. With the quality of the perovskite film optimized heavily, the 

power conversion efficiency (PCE) can be pushed further only by concentrated efforts in 

realizing quality interfacial layers [120]. However, the processing methodologies and 

materials presented thus far still lack robustness to their approach and systemic 

consideration of potential reproducibility.  
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 Zirconium acetylacetonate (ZAC) is a relatively new cathode buffer layer that has 

been used. The initial work of Tan et al. demonstrates the use of this layer in a regular 

device structure [118], followed by Hancox et al., who reported the use of ZAC in inverted 

solar cells [121]. Fan et al. reported higher performances with the use of PTB7 based 

inverted architecture solar cells [119]. While employing ZAC as a secondary buffer layer 

allows for charge extraction with record efficiencies [122]. Zhang et al. reported improved 

fill factor values due to the incorporation of a ZAC layer [123]. These developments, 

combined with an abundance of availability and easy processability without the need for 

additional annealing steps [124], make ZAC one of the promising materials for large-scale 

applications. Despite the above work, certain questions remain regarding the compatibility 

of the secondary cathode buffer layer with the active layer itself and the other cathode 

layer, Phenyl-C61-butyric acid methyl ester (commonly known as PCBM), in inverted 

device structures and the effect of thickness on charge transfer kinetics and functionality 

of the device.  

In this work, ZAC solutions of different concentrations were prepared in iso-propyl 

alcohol (IPA), which is less polar than other commonly used alcohol solutions, and 

optimized parameters for maximum efficiency while using a more robust approach in the 

processing of the secondary cathode layer. Our perovskite solar cell (PSC) devices used an 

inverted configuration and dual cathode buffer layers of ITO/PEDOT: 

PSS/Perovskite/PCBM/ZAC/Al. The perovskite used in our study was methylammonium 

lead iodide and prepared from lead acetate precursors and dimethylformamide. IPA was 

found to be the best solvent to dissolve zirconium precursor, and it gave consistent and 

reproducible results when compared to ethanol and methanol. ZAC concentration was 
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optimized to 1.5mg/ml in IPA to give an average PCE of 14.3% with the highest PCE of 

15.2%, compared to 12% PCE of a control device without the ZAC layer. Our results 

demonstrated the potential for using ZAC in IPA for more consistent applications in future 

PSC devices. 

4.2 Experimental Procedure 

The PSC active layer is prepared according to our previously optimized procedure 

using excess Pb in the precursor, which is briefly described here [125]. Poly (3,4-ethylene 

dioxythiophene): poly (styrene sulfonate) (PEDOT: PSS), purchased from Ossila, was 

spin-coated onto ITO substrates at 4000 rpm for 60 s followed by thermal annealing at 130 

°C for 15 min. Methylammonium iodide (MAI) was purchased from Dyesol, and lead 

acetate trihydrate (PbAc2. 3H2O) was purchased from Alfa Aesar, and both were used as 

received. 2.7 mmol MAI and 0.9 mmol PbAc2.3H2O were dissolved into 1mL anhydrous 

dimethylformamide (DMF) solution resulting in a solution concentration of 0.9 M. For 

preparing Pb excessive solution, (MAI/PbAc2 = 3:1.05) were used. This solution was then 

spin-coated onto the PEDOT layer at 4000 rpm for 60 s followed by an anneal at 80 °C for 

12 min. PCBM dissolved into chlorobenzene (20 mg/ml) was spin-coated on the top at 

1000 rpm for 30 s. Zirconium acetylacetonate purchased from Aldrich was dissolved into 

different alcohols to prepare solutions of concentration 1mg/ml. ZAC was spin-coated onto 

the PCBM at 3000 rpm for 30 s. For device fabrication, a 70 nm thick Al electrode was 

thermally evaporated, which resulted in a device area of 0.2 cm2. 

The as-prepared devices were characterized for current-density measurements 

under simulated AM 1.5 solar irradiation (100 mW/cm2), which is a xenon-lamp based 

solar simulator (Spectra Physics, Oriel Instruments, USA). The steady-state 
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photoluminescence (PL) spectra of the samples were tested using Reinshaw InVia 

spectroscopy system with an x100 objective lens and a laser source of wavelength 488 nm. 

The charge carrier lifetimes were measured by Picosecond Time-Correlated Single Photon 

Counting Spectrofluorometer (TCSPC). The PL decay time was observed at 775 nm after 

excitation from a Ti:S laser (Spectra Physics) at 425 nm. The PL decay kinetics were fitted 

to a bi-exponential decay function. Surface morphology was measured using scanning 

electron microscopy (SEM-XL30 Environmental FEG (FEI) and atomic force microscopy 

(Bruker Multimode 8). X-ray diffraction analysis was done with a Rigaku diffractometer. 

The tension was 40 kV on the Cu anode, and the filament current was 20 mA. 

4.3 Results and Discussion 

The perovskite active layer used in this research and the architecture are the same 

for all devices and prepared according to our previously reported work [125,126] (see Fig. 

4.1a). The XRD and SEM images of the perovskite on ITO shown in Fig. 4.1b and 4.1c. 

XRD results reveal the dominant peak of MAPbI3 at 14.26o. The SEM reveals the smooth 

formation of the layer with few pinholes or pores.  

 

Fig. 4.1 a) Schematic of the device structure with the ZAC layer, b) XRD patterns, and c) 

SEM image of the perovskite layer of perovskite used in all samples.  
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4.3.1 Solvent Optimization 

To investigate the effect of different alcohol-based solvents, devices with the ZAC 

layer using solutions of either ethanol, methanol, and IPA at 1mg/ml were prepared. Our 

observations indicated that solvent played a critical role in the formation of a good layer of 

ZAC.  

Ethanol and methanol are the most commonly used solvents that are alcohol-based, 

while chloroform is another proposed solvent to dissolve the precursors [13-18]. Although 

the above-mentioned solvents were very good at dissolving the precursor, according to our 

experimental observation, prove to be corrosive to PCBM and perovskite layers unless 

extreme care is adopted in the synthesis procedure. This explains why ZAC layers, when 

dissolved in ethanol or methanol, require very careful control of the spin coating process; 

otherwise, it will result in dissolving the underlying PCBM/perovskite layers [127]. IPA, 

on the other hand, is not as polar as ethanol or methanol and is considerably robust in its 

processing use for coating an additional layer without any damage to underlying layers. 

IPA, which has a significantly lower vapor pressure and is slightly less polar, is less 

corrosive and more reproducible when used as the solvent for ZAC dissolution. Our results 

reflect these observations where ZAC dissolved in IPA gives the highest performance when 

compared to the other alcohols. Figure 4.2a shows the current-density characteristics of the 

devices prepared using ethanol and methanol. Other device parameters, open-circuit 

voltage (VOC), current density (JSC), fill factor (FF), and efficiency (PCE) for all samples 

are summarized in Table 4.1. Devices prepared using IPA gave a PCE of 14.03%, while 

those fabricated with ethanol and methanol gave 7.62% and 11.66%, respectively.  
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A closer look at the solar cell device parameters reveals that the VOC as being 

significantly lower for ethanol and methanol-based devices; while, IPA based devices show 

a high VOC. Open-circuit voltage has a direct implication on device performance, and its 

dependence on the morphology and structure of the active layer cannot be stressed enough. 

Any inhomogeneities in the PCBM layer can result in direct contact of the ZAC layer with 

the active layer. Given that ethanol and methanol-based solvents can be detrimental to the 

perovskite layer, the poor physical properties result in poor VOC and, subsequently, poor 

overall performance. IPA, on the other hand, is not as corrosive to the active layer, and so 

better performance is possible as the inherent structure is left undisturbed. 

 

Fig. 4.2 a) Current density characteristics, and b) Dark current characteristics of ZAC in 

different solvents 

Table 4.1. Solar cell device parameters of samples prepared in different solvents 

Device details VOC (V) JSC (mA/cm2) FF PCE (%) 

ZAC in ethanol 0.95 -16.07 0.46 7.62 

ZAC in methanol 0.94 -20.82 0.59 11.66 

ZAC in IPA (PZ1) 0.99 -22.27 0.63 14.03 
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Figure 4.2b displays the dark current characteristics for the various solvents, and it 

was observed that the IPA based devices show less leakage comparatively. Both ethanol 

and methanol-based devices showed large leakage (about two orders of magnitude than 

IPA) in the given bias voltage. This is primarily due to the presence of pores and defects 

in the active layer (which are possibly induced due to the spin-coating of the highly polar 

solvents. A certain amount of bias voltage is required for the onset of dark current as of the 

case for IPA devices. This is due to the excellent layer formation, which results in very 

good suppression of charge recombination inside the device. This suppression of injection 

of charges effect is similar to the previous works by Hou et al. and Thakur et al., who 

shared that Ta-WOx doped perovskites and size-dependent TiO2 nanorods in perovskites 

result in a shifting of the bias voltage and the onset of dark current. [127,128].  

To further confirm our hypothesis that ethanol and methanol result in rough 

surfaces, AFM analysis of the samples prepared in different solvents was done (see Fig. 

4.3). RMS values of 18 nm, 20 nm for ethanol, and methanol samples, respectively, 

revealed rougher surfaces when compared to the relatively smoother IPA sample with an 

RMS of 15 nm. 
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Fig. 4.3 a) ZAC in ethanol, b) ZAC in methanol, and c) ZAC in IPA 

4.3.2 Concentration optimization: 

The efficiency was further optimized by investigating the effect of different 

concentrations of ZAC in IPA. Devices with ZAC 1mg/ml, 1.5 mg/ml, and 2mg/ml and 

designated them as PZ1, PZ2, and PZ3, respectively, were prepared. For comparison, a 

control device without any ZAC, designated as P1, was also prepared. PZ2 or 1.5 mg/ml 

showed the best PCE of 15.2 %. Other devices, PZ1 and PZ3, showed 14.3 % and 11.2 % 

PCE over the control device, which showed 12.1 % PCE. The current density 

characteristics (Fig. 4.4a) and other density parameters (Table 4.2) were measured.   

To explain the performance, the dark current characteristics of the devices were 

investigated. The dark current characteristics as a function of bias voltage were measured 

and tabulated (see Fig. 4.4b and Table 4.2). Inspection of the data reveals that leakage 

current was minimized, and the onset of dark current shifted to higher bias voltages as the 

concentration of the ZAC in the solution increases. A high concentration typically resulted 

in a thicker layer. In this case, 2 mg/ml was obviously the thickest layer of ZAC, and 
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1mg/ml was the thinnest layer. Both PZ2 and PZ3 devices suppressed charges very well 

and did not allow leakage due to the lesser presence of pores or defects in the layer when 

compared to PZ1 and the only PCBM (P1) layers. Furthermore, within IPA based devices 

with different ZAC concentrations, a thicker layer created a higher injection barrier, which 

prevented the leakage until a threshold of about 0.23 V was reached. This also emphasizes 

that a high shunt resistance was achieved in the device, which was also responsible for the 

high FF and, consequently, the PCE.  

Figure 4.5 demonstrates that statistically, the concentration of 1.5 mg/ml gave a 

higher efficiency compared to other concentrations. This further confirms the initial 

hypothesis that 1.5 mg/ml is the optimized concentration.  Fig. 4.6. displays results from a 

stability test that was conducted with the devices being stored in a nitrogen-filled glovebox, 

and the efficiencies of the solar cells were mapped over a duration of 30 days.  Findings 

show no significant improvement due to the addition of the ZAC layers, and no significant 

differences were observed in the degradation profiles of all devices when compared to the 

control device with no ZAC.  

 

Fig. 4.4 a) Current density characteristics, and b) Dark current characteristics of devices 

with different ZAC concentrations 



  41 

Table 4.2. Solar cell device parameters of ZAC samples prepared in different 

concentrations 

Device details VOC (V) JSC (mA/cm2) FF PCE (%) 

P1 (0mg/ml) 0.94 -22.09 0.58 12.13 

ZAC in IPA 0.93 -23.13 0.62 14.26 

PZ2 (1.5mg/ml) 0.99 -24.50 0.64 15.21 

PZ3 (2mg/ml) 1.00 -19.04 0.59 11.17 

 

The high concentration also has a positive effect on smoothening the active layer 

surface and creating excellent surface morphology, as demonstrated in the AFM data in 

Fig 4.7. RMS values of 5nm and 2nm for 1.5mg/ml and 2mg/ml concentrations of ZAC, 

respectively, were obtained. A smooth film without defects is always beneficial for 

efficient charge extraction, and a concentration of 1.5 mg/ml in IPA gives a reasonably 

small number of aggregates, which might also reduce the number of defects present, and 

this translates to better performance [119]. However, using the 2mg/ml concentration, 

which results in a smoother film and much thicker, is detrimental to device performance, 

as explained in the electrical transport characteristics in later sections. 
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Fig. 4.5 Box plot of device efficiency for different concentrations of ZAC 

 
Fig. 4.6. Device performance trend of PVS prepared with different concentrations of 
ZAC 
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Fig. 4.7 a) ZAC in 1.5mg/ml in IPA and b) 2mg/ml in IPA 

4.3.3 Optical Properties: 

UV-Vis spectroscopy was used to determine the absorbance and transmittance 

properties of the film. ZAC layers thicknesses were measured to be around 2 nm for 

1mg/ml ZAC and 3nm for 1.5mg/ml and 2mg/ml samples. Since the perovskite active layer 

and PCBM charge transport layer were prepared using the same recipe for all samples, the 

same thickness was expected for these layers. The absorbance of PVS film coated with 

PCBM was compared with added ZAC layers made from different concentrations, as 

shown in Fig. 4.8a. The absorption spectra are normalized with respect to the highest peak 

point in the visible region. Any observed scattering background has been subtracted from 

the plots. No significant difference was observed between the normalized absorption 

values, as also reported in previous works [123]. Transmittance spectra of PVS with ZAC 
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was reduced a little (about 68%) compared to having only PEDOT (about 70%) in Fig. 

4.8b. This is likely due to the slightly higher thickness and is not significantly different for 

a control device without ZAC. Band-gap calculations from the UV absorbance plot 

revealed that for arbitrary thicknesses, the bandgap of PZ2 (1.5mg/ml ZAC) was about 

3.50 eV and that of PZ3 (2mg/ml) was 3.62 eV. This increase in bandgap explained the 

slightly inferior absorption values and influence on performance. The band-gap calculated 

for PZ2 agreed with existing literature [123].  Plots related to band-gap calculations for 

PZ1 and PZ2 are presented in Figs. 4.9a and 4.9b, respectively. 

 

Fig. 4.8 a) Absorbance and b) Transmittance spectra of PVS with different ZAC layers 

 

 
Fig. 4.9 Band-gap plots of a) ZAC 1.5mg/ml, and b) ZAC 2mg/ml samples  
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Fig. 4.10 a) Steady State Photoluminescence and b) Time-resolved Photoluminescence 

spectra of PVS with different ZAC layers 

Table 4.3 TRPL fitting parameters of PVS with PCBM prepared in different ZAC 

concentrations 

Sample A1 A2 τ1 (ns) τ2 (ns) τpl (ns) χ2 

PVS 11.06 36.99 33.53 174.55 142.09 1.02 

P1 20.23 5.50 3.44 42.48 11.78 0.85 

PZ1 146.97 84.93 4.88 20.45 9.68 0.80 

PZ2 50.12 25.31 4.13 18.00 7.65 0.92 

PZ3 294.70 3.27 3.12 14.65 3.31 1.00 

 

Figure 4.10a displays steady-state photoluminescence (STPL) measurements from 

the active layer in the presence of PCBM and ZAC layers. The peak represented by PVS 

is used as a reference to compare the quenching efficiency. The peak labeled PCBM+ZAC 

shows the lowest intensity due to the combination of PCBM and ZAC layers resulting in 

more effective quenching of the generated charge carriers when compared to the peaks 
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with only PCBM and only ZAC. The concentration of the ZAC layer used in the STPL 

measurement is 1.5 mg/ml, which is the optimized concentration for high efficiency.  

Figure 4.10b shows the charge transport kinetics of the perovskite active layer as 

the reference spectra labeled PVS, and also in the presence of PCBM and different 

concentrations of ZAC layers measured using the time-resolved photoluminescence 

(TRPL). The photoluminescence decay kinetics data arise from a fit to a bi-exponential 

decay function I(t) = A1e-(t/τ
1

) + A2e-(t/τ
2

). The fast decay component, τ1, is representative of 

trap-assisted recombination at grain boundaries, and the slow component, τ2, is 

representative of radiative-recombination mechanisms inside the bulk [129]. Table 4.3 

displays the estimated charge carrier parameters. Inspection shows that the PZ3 (2mg/ml) 

sample has a very low total lifetime (τpl=3.31ns); while the PZ2 (1.5mg/ml) sample has a 

slightly higher lifetime of 7.65 ns. While PZ1 also has a reduced lifetime of 9.68ns, further 

inspections show that this value is still low when compared to the decay from the PEDOT 

only sample, represented by the P1 peak (11.78ns). The decreasing lifetime was attributed 

to increasing concentration phenomena due to the insulating nature of ZAC [122], which 

comes into effect as the thickness of the layer was increased. This insulating property of 

the ZAC layer was the reason why the charges were trapped much faster than their low 

concentration counterparts. In addition, the ZAC layer obtained from a higher 

concentration solution is smoother and more compact, which means the PCBM/ZAC layer 

is effectively contacted with the PVS layer and facilitates the quenching of the carriers. 

However, if the ZAC film thickness is too high, the carrier transport from the ZAC to the 

electrode is blocked, resulting in the poor performance of the high ZAC concentration film 

(11.17% PCE) when compared to the lower concentration ones (15.26% PCE).  
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4.4 Conclusion 

In summary, an inverted PSC was demonstrated with the addition of a secondary 

cathode buffer layer of ZAC dissolved in IPA. IPA as the solvent for ZAC was beneficial 

when compared to the commonly used ethanol and methanol, due to its lower polarity and 

robust synthesis procedure. Further optimization of the concentration of the layer to 

1.5mg/ml was shown for a PCE of 15.2%, which is higher by 25% when compared to the 

control device with only PCBM (12.13%). Dark current measurements and charge-

transport kinetics revealed the reasons why a high concentration film created injection 

barriers and became insulating in nature, and this resulted in poor device performance. The 

effect of surface morphology on the device performance was also investigated, and it was 

found that the ZAC layer fills in the pinholes in the PCBM/perovskite interface resulting 

in a smooth surface.  
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CHAPTER 5 

EFFECT OF SUBSTITUTING PB WITH SR IN HIGHER-ORDER USING ACETATE-

DERIVED PRECURSORS IN INVERTED PEROVSKITE SOLAR CELL DEVICES 

5.1 Introduction 

Perovskite solar cells have come a long way since their inception in 2009, with 

efficiencies improving from 3.8 % to more than 25 % recently [18]. Excellent properties 

such as long carrier diffusion lengths and high absorption coefficients [130–132] are some 

of the attributes which make the perovskites perform very well and progress towards 

commercialization [133]. Breakthrough performances and stability levels have been 

achieved by substitution of methylammonium (MA) ions with formamidinium (FA) and 

Cesium, Iodide, and Bromide, making the hybrid structure more inorganic [51,134,135]. 

However, the lead (Pb) that is present in the system is questionable, given its toxic 

influence and corresponding environmental concern. Alternatives to Pb in the perovskite 

composition are critical for furthering the development of perovskites.  

In the pursuit of a stable perovskite, theoretical calculations have yielded elements 

from group 14 to meet the condition of having the ionic radius ratio close to 1 [61,136,137]. 

Extensive research has spurred the exploration of Sn and Bi as potential replacements, 

given their suitable valence states [61,138–140]. Fast crystallization and oxidative 

instability were commonly reported in Sn-based perovskites [141]. Although the bandgap 

was made ideal (~1.3 eV) for absorption in Bi-based perovskites, the structure suffered 

from stability issues [142]. Ge was the other material that was used in tandem with 

inorganic materials to increase the stability and evaluate performance. Ge substitution 

demonstrated success in improving the stability at high temperatures and photo-current 
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density; however, corresponding open-circuit voltages very low as a consequence of Ge4+ 

formation [143,144]. Several studies based on the modified electronic and optical 

properties due to the substitution of Pb with other monovalent ions such as Sr, Cd, and Ca 

were also done [145]. Sr has a similar ionic radius compared to Pb (132pm vs. 133pm), and 

similar bonding patterns with halogens were indicated for both. Perez et al. demonstrated 

improved charge carrier lifetime and fill factor from the incorporation of 2 % Sr2+ [65]. 

Yao et al. showed high thermal stability and higher voltage resulting in a high device 

efficiency of 16.3 % with the inclusion of almost 5% Sr2+ in the perovskite [146]. Low-

temperature processing was demonstrated by Lau et al., with a surface enriched Sr having 

a passivating effect, resulting in increased lifetimes and higher open-circuit voltage of Cs 

based perovskite [64]. Despite these studies, the amount of Sr2+ incorporated was not more 

than 5 % of the total composition, and also, the synthesis processes involved iodide-based 

precursors for Pb and Sr.  

MAPbI3 perovskite is known to suffer from poor stability due to the hydrophilic 

nature of the methylamine (MA) group, where the degradation leads to the formation of 

PbI2 [147]. Several studies focused on the effects of excess unreacted PbI2 on the long term 

stability of devices [148,149]. New studies emerged with 2D perovskites introduced into 

3D perovskites to form mixed compounds with improved stability and moisture tolerance 

[150–152]. While the 2D-3D mixed perovskites focused on tuning the MA cation, recent 

studies reported good stability of all tin-based [153] and mixed Pb-Sn [154] devices. A lot 

of potential exists for demonstrating improved stability with partial or full replacement of 

Pb with other less toxic materials such as Sn and Sr.   
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In this work, the first use of acetate-based precursors to achieve a 30 % replacement 

of Pb with Sr was demonstrated. The effects of alloying the perovskite with Sr using the 

acetate derived precursor on the structural, morphological, and optoelectronic properties 

have been investigated. An 11.23% PCE for the perovskite with 10 % alloyed Sr and 2.15 

% PCE for 30 % alloyed Sr samples was demonstrated. Improved stability of 10 % alloyed 

Sr was observed, with only a loss of about 25% PCE, compared to more than 50 % loss of 

PCE for control perovskite device. The structural, morphological, and optoelectronic 

properties of the perovskite composition CH3NH3SrxPb1-xI3 with x was varied from 0-0.3, 

are further explored. 

5.2 Experimental Procedure 

The experimental procedure is similar to our previous work using lead acetate 

precursors [104,148]. Methylammonium iodide (MAI) was purchased from Dyesol, and 

both lead acetate trihydrate (Pb(OAc)2.3H2O) and Strontium acetate (CH3CO2)2Sr from 

Sigma Aldrich. Poly (3,4-ethylene dioxythiophene): polystyrene sulfonate (PEDOT: PSS), 

which was used as the hole transport layer (HTL), was purchased from Xi’an Polymer 

Light Tech Corp. Phenyl-C61-butyric acid methyl ester (PCBM) was purchased from Sigma 

Aldrich and used as the electron transport layer (ETL). All materials were used as received.  

For the perovskite solution, MAI and Pb(OAC)2.3H2O were mixed in the ratio 1:3.05 (5% 

excess Pb precursor) in anhydrous dimethylformamide (DMF) to a concentration of 1M. 

Different solutions of Sr were prepared by tuning the amount of Sr: Pb ratios from 10 to 

30 wt%. To be noted is that Sr alloyed samples were also added in 5% excess, similar to 

the Pb excess, as outlined in our previous works. PEDOT: PSS solution was prepared by 

filtering the original solution using a 0.45µm Polyvinylidene difluoride (PVDF) filter 
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before using. PCBM was prepared by dissolving the powder in anhydrous chlorobenzene 

to a concentration of 20mg/ml with overnight stirring.  

Devices were prepared on patterned Indium doped tin oxide (ITO) coated glass 

substrates. All devices were fabricated in a planar inverted architecture. Firstly, ITO 

substrates were cleaned using an ultrasonicator in deionized water, acetone, and isopropyl 

alcohol. They were then subjected to UV-Ozone treatment for 10 min to remove organic 

contaminants. The substrates were then transferred to a Nitrogen filled glovebox for device 

preparation. PEDOT: PSS was initially filtered using a 0.45µm filter and then spin-coated 

onto the ITO glass at 4000 rpm for 30s followed by thermal annealing at 130 oC for 15 

min. After cooling down, the perovskite solution was coated at 4000 rpm for 180s and 

annealed at 80 oC for 12 min. For the electron transport layer, PCBM was spin-coated at 

1000 rpm for 30s without any further post-annealing. 80nm of Al was deposited via thermal 

evaporation to complete the device, and an area of 0.2cm2
 was defined for each device as 

per the shadow mask dimensions.  

For characterization, the perovskite samples were separately prepared on ITO/glass 

substrates. Scanning electron microscopy (SEM-XL30 Environmental FEG (FEI)) was 

used to study morphology. A beam voltage of 10kV with used to analyze all samples. 

Panalytical X-ray Diffractometer was used to conduct X-ray diffraction (XRD) 

measurements. For XRD, an anode tension of 40 kV and a filament current of 45 mA was 

used to produce Cu Kα radiation. UV-Vis Absorption spectra were recorded using a Cary 

5000 UV/VIS spectrometer. The lifetimes of minority charge carriers were determined 

using a Picosecond Time-Correlated Single Photon Counting (TCSPC) 

Spectrofluorometer. The samples were excited at a wavelength of 425nm for both steady-
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state and time-resolved PL measurements. The emission wavelength was monitored at 775 

nm. Current-voltage (J-V) measurements for all devices were conducted under AM 1.5G 

(100mW/cm2) simulated radiation from a Xenon lamp, which was purchased from Spectra 

Physics, Oriel Instruments, USA.  

5.3 Results and Discussion 

Figure 5.1 shows the XRD spectra of different samples prepared with the 

composition CH3NH3SrxPb1-xI3 with x varied from 0 to 0.3, with 0 being the control 

sample. The spectra show high-intensity peaks at 14.0° and 28.3°, which represent the 

(110) and (220) plane of the perovskite. No new peaks were observed due to the 

incorporation of Sr, which suggests that the general crystal structure is not altered. 

However, there is a significant decrease in intensity due to reduced crystallinity with 

higher-order substitutions of Sr, as shown by the FWHM values as a function of 

concentration in Fig. 5.2. This loss of crystallinity has been reported previously in Sr doped 

FASnI3 [155] and CsPbI2Br [64] perovskite compositions. An increase in FWHM values 

demonstrates the reduction in grain sizes as well. Fig. 5.3, which shows the SEM images 

agree with the XRD results.  

 

Fig. 5.1 XRD spectra of perovskite with different Sr alloying conditions 
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Fig. 5.2 FWHM trend of perovskite with different Sr alloying conditions 
 

The main reaction mechanism can be estimated according to reaction 1 and 2 as 

follows: 

x Sr(CH3COO)2 + (1-x) Pb(CH3COO)2 + CH3NH3I = CH3NH3SrxPb1-xI3 + 

CH3NH3(COO)2↑         (5.1) 

To be noted is the use of excessive concentration of Pb/Sr acetate precursors, which 

have a strong influence on the morphology and crystallization kinetics. The use of excess 

Pb acetate precursors with long spin-coating times and short annealing times has yielded 

highly crystalline perovskites, as shown in our previous work [104]. It has been reported 

that Pb with halogens supports highly directional coordination, unlike Sr [156,157]. With 

increasing % of Sr in the precursor solution, the crystallization is reduced due to the lack 

of Pb to support the octahedral coordination necessary for perovskites. This most likely 

results in a change from large grain sizes (i.e., over >1µm) for the control sample to a more 

compact morphology with few hundred nm for a 20 % Sr alloyed sample. Further 

increasing the concentration to 30 %, Sr seems to be inducing a thin layer on top of the 

grains with pinholes.  
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Fig. 5.3.SEM images of a) Control; b) 10 % Sr; c) 20 % Sr; d) 30 % Sr 
 

Sr incorporation into the perovskite was confirmed by comparing the XPS data of 

the control sample and 10 % Sr alloyed perovskite, as shown in Fig. 5.4. It can be observed 

that the peaks around 143.5 eV and 138.8 eV, in Fig. 5.4a, which confirms the presence of 

Pb peaks, and a small peak around 134.5 eV, which confirms the presence of Sr [64]. The 

Iodine 3d peaks occur around 619 eV and 631 eV, as shown in Fig. 5.4b. A significant shift 

in the binding energy (BE) positions was not observed from the spectra for the Pb peaks. 

However, a decrease in the intensity of the Pb peaks is evident for the 10 % Sr substituted 

spectra. The reduction in intensity, coupled with the appearance of the Sr 3d peak in this 

spectrum, confirms its incorporation into the lattice. The Sr 3d peak appears to be broad 

and overlaps around 133.5 eV, which is the BE for SrCO3. Carbon 1s peaks are shown in 

Fig. A1 (see appendix A) shows a broader spectrum for the 10 % alloyed sample (close to 

288 eV), which indicates C-O bonding on the surface [65]. Strontium acetate that remained 

unreacted in the precursor solution would have resulted in partial segregation on the 
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surface, similar to the report by Perez et al. [65]. No shift in Iodine peaks can be observed, 

but the small reduction in intensity suggests there is a difference in the bonding between 

the incorporated Sr and I, as shown in Fig. A2. Overall, it appears Sr is successful in 

replacing the Pb sites. 

 
Fig. 5.4 XPS spectra comparison of the perovskite control sample and 10 % Sr alloyed 
sample – a) Pb peaks, and b) I peaks 
 

The absorbance of the samples was investigated and shown in Fig 5.5. The 

difference in absorbance is not much for the control sample and 10 % Sr alloyed perovskite. 

While all the samples show an onset around 760 nm (~1.6 eV), the intensity of absorbance 

drastically decreases with increasing % of Sr. This could be due to the reduced quality of 

perovskite with Sr insertion as a similar trend can be observed in XRD. Charge-carrier 

lifetimes were estimated through Time-resolved Photoluminescence (TRPL) and plotted in 

Fig 5.6. The corresponding fitting parameters were summarized in Table 5.1. A bi-

exponential decay function defined by I(t) = A1e1
-(t/τ1) + A2e2

-(t/τ2) where τ1 (fast decay 

component), represents defects from non-radiative recombination while the, τ2 (slow 

component), relates to radiative recombination [158,159]. Further, τPL = α1τ1 + α2τ2, where 

α1 = A1/(A1 + A2) and α2 = A2/(A1 + A2). The total lifetime of charge carriers has improved 
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with adding Sr into the perovskite. Both τ1 and τ2 were found to be higher for increasing 

Sr %. Note that τ1 significantly improved from ~ 49 ns to over 97 ns for 10 % Sr 

introduction. The improvement in lifetime values suggests a strong passivation effect, most 

likely at the grain boundaries through the formation of carbonate compounds. While 

increasing lifetime value is observed generally for all Sr alloyed samples, compared to the 

control sample, beyond 10 %, no significant enhancement is observed. τ1 is observed to 

increase from 97.6 ns in 10 % Sr to 101.3 ns in 30 % Sr alloyed samples, which could be 

due to poor crystallization of the perovskite itself, limiting the lifetime value. 

 
Fig. 5.5 UV-Vis absorbance spectra of perovskite with different Sr alloying conditions 

 
Fig. 5.6 TRPL spectra of perovskite with different Sr alloying conditions 
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Table 5.1. TRPL fitting parameters of perovskite with different Sr alloying conditions 
Sample τ1  τ2 A1 A2 τ1 % τ2 % Chi2 τPL 
Control 48.7 17.0 28.5 75.2 27.5 72.5 1.06 25.7 
10 % Sr 97.6 24.6 131.7 190.2 40.9 59.0 1.25 53.5 
20 % Sr 107.5 28.5 59.4 52.1 53.2 46.7 1.07 63.0 
30 % Sr 101.3 26.4 105.6 141.9 42.7 57.3 1.18 67.6 

 
Device characteristics with an inverted architecture show a similar trend to the 

various other properties with reducing the efficiency with increasing Sr content, as shown 

in Fig 5.7. Current density values are lower with increasing Sr %, which could be down to 

the poor absorption values. A small increase in VOC is observed with the 10 % Sr device 

showing 1.01 V compared to 0.93 V from the control sample. The passivation effect 

induced in the perovskite due to the addition of Sr % would be responsible for the sustained 

built-in electric fields. This effect is reflected in the efficiency with the 10 % Sr device 

giving 11.23 % PCE, which is significant for acetate derived perovskite with Sr and Pb. 

Increasing the amount of Sr decreases the photovoltaic parameters, and subsequently, the 

device efficiency is affected. Smaller grain sizes and poor absorption of the perovskite are 

the likely reasons for the poor performance. Also, the thin film layers formed on the surface 

are known to be highly insulating and could be limiting efficient charge transport and 

extraction across the interface [65]. Eight devices in each composition were fabricated to 

demonstrate reproducibility. A similar trend in device properties is observed with 

decreasing efficiency with increasing % of Sr, as shown in Fig. 5.8. VOC appears to be 

increased in the 10 % alloyed Sr samples while current density generally decreases, as 

shown in Figs. A3 and A4, respectively. The fill Factor trend, similar to VOC, is shown in 

Fig. A5.  
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Fig. 5.7 Device characteristics of perovskite with different Sr alloying conditions 

 
Fig. 5.8 Box plot for efficiency comparison of perovskite with different Sr alloying 
conditions  
 
 
 
Table 5.2. Solar cell device parameters of perovskite with different Sr alloying conditions 

Sample JSC (mA/cm2) VOC (V) FF (%) PCE (%) 
Control -23.78 0.93 0.64 15.21 
10 % Sr -16.14 1.01 0.68 11.23 
20 % Sr -11.59 0.89 0.65 5.78 
30 % Sr -3.78 0.84 0.63 2.15 

 

The stability of the 10 % Sr alloyed and control perovskite devices was investigated 

over 75 days of unencapsulated storage in the glovebox. The normalized degradation plot 
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of PCE is shown in Fig. 5.9, while the other device parameters JSC, VOC, and FF are shown 

in Figs. A6, A7, and A8, respectively. The JSC degradation trend is almost similar for both 

devices, which could be attributed to the decomposition of the polymer-based charge 

transport layers, limiting carrier transport across the interface [160]. The VOC and FF losses, 

however, were not significant, and the possible reason could be the passivation effect of 

the Sr carbonate compounds on the perovskite surface. Overall, a PCE decay of only 25% 

was observed for 10 % Sr based devices, while the control device had a loss of nearly 50%.  

 

Fig. 5.9 Stability comparison of PCE values of perovskite with different Sr alloying 

conditions  

 

5.4 Conclusion 

In conclusion, higher-order incorporation of Sr into the perovskite is demonstrated 

using acetate-derived precursors for the first time. The structural, morphological, and 

optoelectronic properties were studied for samples prepared with different amounts of Sr 

in the perovskites and compared to the control sample. It was found that with increasing Sr 

% in the perovskite, the quality of the perovskite is affected, with reduced crystallinity and 
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absorbance for Sr-based samples.  The Sr incorporation resulted in surface enrichment, 

forming Sr acetate and carbonate compounds, which passivated the surface of the 

perovskite and increased charge carrier lifetimes. In this regard, the 10 % Sr alloyed device 

prepared in an inverted device configuration demonstrated 11.23 % PCE with a higher VOC 

value than the control device. Higher Sr alloyed devices showed poor performance 

attributed to the poor quality of the perovskite formed. Although the performance of the 10 

% Sr device was lower than that of the control device without Sr, stability measurements 

indicated better retention of PCE for the Sr 10 % based device compared to the control 

device when tested over 75 days. This study can be extended to other perovskite 

compositions and highlights the potential for using acetate-derived precursors.  
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CHAPTER 6 

PHENYL ETHYLAMMONIUM IODIDE INTRODUCTION INTO INVERTED 

TRIPLE-CATION PEROVSKITE SOLAR CELLS FOR IMPROVED VOC AND 

STABILITY 

6.1 Introduction 
 

Organic-Inorganic Hybrid perovskites have emerged recently as excellent materials 

for light-harvesting and delivered efficiencies beyond 25 % [18]. Versatility in solution 

processing [161] and unique properties such as small exciton binding energy [37], long 

charge-carrier diffusion length [38], low trap density [162], and very high absorption 

coefficient [163] make perovskites a very exciting choice as solar cell materials. Despite 

the remarkable progress, several hurdles for commercialization, such as moisture- and 

light-induced degradation, persist [160,164,165]. Overcoming these hurdles was 

challenging with all-inorganic perovskite solar cells explored thoroughly by several 

researchers as a means to improve the stability [166,167]. Encapsulation of devices as a 

method to prevent degradation was also thoroughly investigated [168–170]. Despite the 

remarkable progress made through these methods for stability against moisture, they still 

required high-temperature fabrication methods and suffered from degradation due to UV 

irradiation [171,172].  

Further research is necessary for improving the stability of perovskites while 

demonstrating high efficiencies. Among the current research efforts, two dimensional (2D) 

Ruddlesden-Popper perovskites have garnered much interest wherein smaller cations such 

as Methylammonium (MA), Formamidinium (FA), and Cesium (Cs) replaced with much 
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larger cations [173]. Given their hydrophobic nature and Van der Waals interactions, these 

cations improved the stability of the perovskites [100]. Despite research on several new 

cations, some of the most successful and commonly reported perovskites were 

Guanidinium (GA), Butylammonium (BA), Amino Valeric acid (AVA), and 

Phenylethylammonium (PEA) [174–177]. The introduction of large cations served to 

improve overall stability, increased the band-gap, increase excitonic binding energies, and 

lower charge mobility, all achieved from the proper tuning of the composition through 

varying the amount of the cations introduced [178–183]. Compositional engineering can 

bring in certain complications with the retaining of 3D structure necessary for good optical 

properties to demonstrate high efficiencies[184,185]. For these complications, the majority 

of the studies involve large cation introductions only in single cation perovskite systems 

such as MAPbI3 and FAPbI3 [177,181,182,186,187]. Only recently, Wang et al. 

demonstrated more than 17.5% power conversion efficiency (PCE) through the 

incorporation of n-butylammonium into FA0.83MA0.17(PbIyBr1-y)3 [74]. Through 

introducing less than 4.5 % PEA, Lee et al. demonstrated improved VOC and carrier 

lifetimes in (FAPbI3)0.85(MAPbBr3)0.15 compositions [188]. Incorporation of large cations 

such as GA in triple-cation compositions was only recently investigated by Zhang et al., 

who achieved 20.29 % PCE [189]. Through precise tuning of GA in the quadruple cation 

perovskite, they demonstrated that the formation of 2D phases was made possible, with 

effective passivation of defects leading to high VOC’s and subsequent efficiencies.  

Besides the focus on stability, a substantial amount of effort directed towards 

exploring inverted architectures for low-temperature processing and faster 

commercialization routes provides scope for flexible solar cells [77,190–193]. 
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Polyethylenedioxythiophene: polystyrene sulfonate (PEDOT: PSS) is widely used due to 

good optical transparency, mechanical flexibility, high thermal stability, and adequate 

energy levels. [194–197]. However, the active layer in these inverted architectures uses 

MAPbI3 and other single and dual cation compositions, with only a few studies on triple-

cation perovskite prepared on PEDOT [198] and NiOx [199,200]. The research involving 

NiOX as the HTL involves high-temperature processing; hence, it is not commercially 

viable for large scale applications. Therefore, further research into doping triple-cation 

perovskites with large cations and their integration in an inverted configuration with 

PEDOT HTL is necessary for progress towards commercialization and development of 

flexible solar cells. 

In this work, a quadruple cation composition was demonstrated through the 

introduction of PEA cation into triple-cation perovskite – FA0.80MA0.15Cs0.5(PbIyBr1-y)3 in 

different proportions. The ratio of PEA was tuned from 1.67 %, 3 %, and 5 % with respect 

to FA/MA/Cs cations in the perovskite through solution engineering. More uniform 

coverage with pinhole-free morphology for low doping of PEA samples in the triple-cation 

perovskite on a PEDOT surface was observed. An inverted configuration with PEDOT as 

the HTL, 1.67 % PEA device gives the improved VOC values and an efficiency of 12.77 % 

compared to 10.16 % for a control device. Further, the stability of the devices investigated 

for 600 hours of storing in ambient conditions show that all the PEA doped devices fared 

better compared to the control device. A maximum loss of only 25 % PCE was observed 

in PEA doped samples compared to nearly 60 % loss of PCE in the control device.  
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6.2 Experimental Procedure 
 

The chemicals, PEAI, Formamidinium Iodide, FAI, and Methylammonium 

Bromide, MABr, were purchased from GreatCell Solar. Lead Iodide, PbI2 (99.99 %), Lead 

Bromide, PbBr2 (99.99 %), and Cesium Iodide, CsI (99.99 %) were purchased from Sigma 

Aldrich. All chemicals were used as received. Firstly, stock solutions of 1.5M PbI2 and 

PbBr2 were prepared by dissolving the salts in a 4:1 V/V mixture of dimethylformamide 

(DMF) / dimethyl sulfoxide (DMSO). Both the solutions were then heated to 180 °C for 

10 min. CsI solution was prepared to 1.5 M by dissolving in DMSO and heated to 150 °C 

for 10 min. All solutions were heated to facilitate dissolution until a clear looking solution 

was obtained. FAPbI3 solution was prepared to a concentration of 1.2 M by dissolving FAI 

in the PbI2 solution. Likewise, MAPbBr3 was prepared to 1.2 M by dissolving MABr in the 

PbBr2 solution. Both these solutions are mixed in the ratio 5:1 (FAPbI3: MAPbBr3) to form 

FAMA perovskite. A 5 % vol CsI solution was then added to the prepared solution to obtain 

the FAMACs triple-cation perovskite. Of note is that the solution results in excess Pb 

precursor. PEA was introduced by first preparing a solution of PEAPb(I0.7Br0.3)3 from 

dissolving 1.2 M PEAI and 1.5 M PbI2 and PbBr2 in DMF: DMSO (4:1). PEAPb(I0.7Br0.3)3 

was added in vol % to the perovskite solution in various amounts of 1.67 %, 3 %, and 5 % 

and designated as P1, P2, and P3, respectively, and the control sample without PEA 

denoted P0. 

Device fabrication was carried out on 2.5 × 2.5 cm2 patterned indium doped tin 

oxide on glass substrates (ITO/glass). The substrates were initially cleaned in soap water, 

followed by ultrasonication in deionized water, acetone, and isopropyl alcohol for 10 mins 

each. They were then subjected to UV-Ozone treatment for 12 mins to remove organic 
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contaminants. For the hole transport layer, PEDOT: PSS (Clevios PVP Al 4083) was 

filtered using 0.45 µm filter and spin-coated at 4000 rpm for 30 s. The substrate was then 

annealed at 130 °C for 15 min. The perovskite layer was prepared via the one-step method 

with anhydrous ethyl acetate (EA) as the antisolvent. 120 µL perovskite solution was 

dropped and spin-coated at 5000 rpm for 35 s. After 10 s from the start, 300 µL of EA was 

dropped onto the substrate within a span of 3 s followed by an anneal at 100 °C for 1 hour. 

Phenyl-C61-Butyric-acid methyl ester (PCBM) dissolved in Chlorobenzene (20 mg/ml) 

was used as the electron transport layer. The PCBM solution was spin-coated at 1000 rpm 

for 30 s, and the substrates were left to dry for a few mins. For device preparation, 80 nm 

of Al was thermally evaporated using a shadow mask, and a total area of 0.2 cm2
 was 

defined.  

The as-prepared samples were further characterized to understand various 

properties and were transferred using a moisture-sensitive apparatus. Scanning electron 

microscope (SEM-XL30 Environmental FEG) and X-ray diffractometer (Panalytical) were 

used to study the surface morphology and crystallinity of the samples. For the X-ray 

diffraction (XRD) measurements, Cu-Kα radiation at a step of 0.01° with a beam current 

of 45 mA and a voltage of 40 kV was used. Absorbance spectra were recorded using a Cary 

5000 UV-Vis spectrometer. Steady-state PL measurements were conducted using a 

Reinshaw InVia spectroscopy system with an x100 objective lens and 460 nm excitation 

wavelength. Lifetimes of charge carriers were estimated using a Picosecond Time-

Correlated Single Photon Counting (TCSPC) Spectrofluorometer. The decay was 

monitored at 765 nm, with the samples excited at 460 nm using a white light laser 

(Fianium) with 6-ps pulses.  
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The current-voltage measurements (J-V) of the prepared devices were conducted 

under simulated AM 1.5G (100mW/cm2) radiation from a Xenon lamp (Spectra Physics, 

Oriel Instruments, USA). Devices were stored in ambient between measurements with an 

approximate relative humidity of 30 %.  

 
6.3 Results and Discussion 

 

Figures 6.1a and 6.1b show the schematic of PEA cation incorporation into the 

perovskite lattice and XRD spectra of the triple-cation perovskite with different doping 

conditions of PEA, respectively. The samples for XRD shown in Fig. 6.1b prepared on a 

PEDOT/ITO/glass substrate show typical peaks of the perovskite structure. Characteristic 

peaks observed at 14.1° and 28.3° correspond to the (110) and (220) planes, respectively. 

Other peaks of perovskite were indexed at 19.90°, 24.44°, 31.76°, and 35.22° as (012), 

(003), (123), and (114), respectively. With increasing % of PEA, the intensities of the 

perovskite peak also increase, implying a distinct improvement in crystallinity. This result 

is similar to previous studies of PEA and BA incorporation in dual cation systems 

[175,188]. Full width half maximum (FWHM) values shown in Fig. 6.2a further shows a 

narrowing of the peak with increasing PEA incorporation, which implies higher 

crystallinity. To understand if the preferred orientation along (110) and (220) also plays a 

role in the increased intensity, α is defined to inspect the relative intensity of (110) and 

(220) with respect to other peaks from randomly oriented grains as follows.  

� =
∑ ��		
���
�

∑ ���
  × 100 %        (6.1) 

The corresponding values of α in % plotted in Fig. B1 (see appendix B), show that 

a preferred orientation is also introduced with the relative intensity values of (110) and 
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(220) increasing with PEA doping and saturates at higher concentration. The FWHM and 

α values for all samples are summarized in Table. B1. Hence, these results prove that PEA 

doping in small amounts (P1, P2, and P3) promotes crystallization and preferred orientation 

in triple-cation systems. 

A more detailed understanding of the nature of PEA doping was obtained by 

analyzing normalized peak position data, as shown in Fig. 6.2b. A shift in the peak 

maximum was observed with increasing doping levels of PEA. The shift is likely due to 

the reduced lattice constant due to compressive strain from the introduction of large cations 

as observed by Wang et al. [175] when BA was introduced to replace FA/Cs in their work. 

Note that the precisely tuning the dopant ratio of PEA to I-/Br- has to be the same as that 

of FA/MA/Cs for direct substitution. The increase in the PbI2 intensity at 12.1° is attributed 

to PbI2 and PbBr2 introduction along with PEA in the same stoichiometry as the triple-

cation perovskite composition. The film formation and morphology is generally not 

straightforward when a large cation such as PEA is introduced into mixed cation systems 

[181,188], and this is further discussed in the next section. Fig. B2 shows the XRD spectra 

of samples prepared on ITO/glass to see if the effect of adding PEA cation is also 

reproduced on the ITO substrate. The intensity of perovskite and PbI2 still increases with 

PEA doping, although the intensities are lower than those prepared on PEDOT. These 

above results further confirm the universal nature of PEA doping in the crystallization of 

FAMACs perovskite. 
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Figs. 6.1 a) Schematic of PEA doping into triple-cation perovskite 
b) XRD spectra of perovskite with different PEA doping conditions prepared on a 
PEDOT/ITO/glass substrate (# represents perovskite) 

 
Fig. 6.2 a) FWHM values plotted for perovskite and PEA doped samples 
b) Normalized intensity of peak maxima for perovskite and PEA doped samples 

 

Figure 6.3 shows the SEM images of the triple-cation perovskite on 

PEDOT/ITO/glass with different PEA doping levels.  The introduction of large cations 
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creates a layered morphology with plate-like structures as the amount increases, according 

to previous reports [181,201]. In our case, the control sample, which is the triple-cation 

perovskite, appears mostly uniform with few pinholes. The introduction of 1.67 % PEA 

(P1) seems to make the film very uniform and dense with slightly larger grain sizes and 

almost no pinholes. The sample P2 (3 % PEA) shows a slightly disparate grain size 

distribution and aggregates deposited, which is likely due to an increased rate of 

crystallization [175]. Further increasing the amount to 5 % PEA (P3) introduces the 

aggregates, with platelets like structures interspersed with small grains and a large number 

of pinholes. The nature of PEA was suggested as quasi-2D when introduced into dual 

cation perovskites [188] and that 2D/3D phases coexist when PEA is introduced as 

PEAPbI3. It is suspected that the formation of PEAPb(I0.7Br0.3)3 results in mixed 2D/3D 

phases, with the quasi-2D amount increasing in the case of P3. Further, samples prepared 

on ITO/glass also show similar phenomena, as observed in Fig. B3. The grain size and 

morphology improve for P1 (1.67 % PEA), while aggregates and pinholes start appearing 

in P2 (3 % PEA). Platelet-like structures distributed between grains occur for P3 (5 % 

PEA). A uniform morphology is a key to smooth charge transport across the 

perovskite/charge transport layer interface, and the optoelectronic properties will be 

discussed in the next sections.   
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Fig. 6.3 SEM images of perovskite with different amounts of PEA doping conditions 

prepared on PEDOT/ITO/glass 

 
Fig. 6.4 UV-Vis spectra of perovskite with different PEA doping conditions 
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Fig. 6.5 Steady-State PL spectra of perovskite with different PEA doping conditions 
 

The optical properties are investigated for the perovskite with different PEA 

doping, prepared on ITO/glass. Fig. 6.4 shows the UV-Vis absorption spectra of the 

samples with no noticeable change in the band edge observed for higher PEA doping. Only 

the P3 (5 % PEA) sample shows slightly weaker absorption around 450 nm – 550 nm. 

Higher amounts of PEAPb(I0.7Br0.3)3 results in loss of the 3D nature of perovskites and 

could be a reason for the low absorption in this range. Fig. 6.5 shows steady-state PL 

spectra with all the samples illuminated from the front (perovskite) side. The intensity 

increases with higher PEA doping (P1 and P2) compared to the control sample without any 

PEA and then decreases for P3. This increase in PL intensity is consistent with the reports 

from Lee et al. [188], where they observed increased intensity of the PL when 

incorporating PEA into double cation perovskite. The decrease in intensity for P3 is likely 

due to the increased amount of 2D PEAPb(I0.7Br0.3)3, resulting in aggregates or deposition 

at the grain boundaries, along with loss of 3D nature of perovskite could be the result of 

poor absorption and luminescence. This phenomenon of mixed 2D/3D could also explain 
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the observed blueshift in the normalized PL intensity, as shown in Fig. B4, where the 2D 

perovskite presence introduces large potential barriers with charge carriers difficult to 

escape [177]. The effect was found to be apparent in P3, which is only 5 % PEA doping 

and hence is the likely threshold in our case of triple-cation perovskite. 

The lifetimes of charge carriers are shown in Fig. 6.6, which is the time-resolved 

spectra of perovskite with different PEA doping prepared on ITO/glass. All the samples 

were illuminated from the front side, and the spectra are fitted with a bi-exponential decay 

function based on the equation I(t) = A1e1
-(t/τ1) + A2e2

-(t/τ2) with the corresponding decay 

parameters shown in Table B2. The fast decay component (τ1), which is associated with 

charge carrier trapping induced through trap states, gives information on the structural 

disorder and defects formed during crystallization. The slow decay component (τ2) is 

related to free carrier radiative recombination [158,202,203]. τ1 increased from 58.27 ns 

for the control to 83.60 ns and 65.23 ns for P1 and P2, respectively, while the proportion 

of this component decreased from 40.31 % to 25.26 % and 30.64%. τ2, on the other hand, 

improved from 144.07 ns to 196.37 ns and 157.34 ns for P1 and P2, respectively. This is 

the result of improved crystallinity of the triple-cation perovskite from the addition of PEA, 

as previously reported [177,188]. Increasing the amount of PEA to 5 % (P3) induces the 

quasi 2D phase, which further improved the lifetime to 393.80 ns due to the suppressed 

carrier recombination and low defect density. Also, the presence of higher amounts of 2D 

perovskite allows confining the carriers for longer periods before recombination.  
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Fig. 6.6 TRPL spectra of perovskite with different PEA doping conditions 
 

The current density characteristics are shown in Fig. 6.7 with the corresponding 

device parameters listed in Table 6.1. The devices were fabricated in an inverted 

configuration with PEDOT and PCBM as the respective HTL and ETL, as shown in the 

inset of Fig. 6.7. For all the devices with PEAI, improved VOC was observed compared to 

the control sample, which only demonstrated 0.72 V. The VOC improved with increasing 

amounts of PEA incorporated into the perovskite with 0.80 V for P1 (1.67 % PEA) and 

0.85 V for P3 (5 % PEA). Notably, the current density decreased for the 5 % PEA device 

due to the formation of the 2D PEAPb(I0.7Br0.3)3 on the surface, which can inhibit charge 

transport, given its insulating nature [188]. Overall, the efficiency improved to 12.77 % for 

the P1 (1.67 % PEA) device and 11.57 % for the P2 ( 3% PEA) device compared to 10.16 

% for the control device. The efficiency values were considerably lower when compared 

to conventional triple-cation perovskite devices values [72]. Note that the inverted 

configuration was prepared with PEDOT and PCBM as the HTL and ETL, respectively.  
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Few reports have demonstrated high efficiency for devices in the inverted 

configuration with the triple-cation perovskite as the active layer [198] due to the formation 

of several defects and small grains. PEA doping in small levels improved the morphology 

and size of the triple-cation perovskite on PEDOT, and hence better device parameters and 

efficiency were observed. Further, ten devices in each variation were prepared and tested 

for investigating reproducibility in device performance. Box plots of the PCE and VOC are 

shown in Figs. 6.8a and 6.8b, respectively. The corresponding JSC and FF box plots are 

shown in Fig. B5 and B6, respectively. These plots further validate the improved VOC with 

increasing PEAI concentration and demonstrate good reproducibility. A decrease in JSC 

and FF for 5 % PEAI introduction explains the lower PCE. 

Table 6.1 Solar cell device parameters of perovskite with different PEA doping 

Sample PCE (%)  VOC (V) 
JSC 

(mA/cm2) FF (%) 

P0 10.16 0.72 22.21 61 

P1 12.77 0.80 22.44 68 

P2 11.57 0.82 21.90 63 

P3 7.27 0.85 13.60 55 

 

The stability of the devices was evaluated over a period of 600 hours while stored 

in ambient, and the corresponding decay in the efficiency is shown in Fig. 6.9. All the 

devices with PEA incorporated in the perovskite demonstrate superior stability, which is 

primarily attributed to the 2D phase formation resulting in improved moisture stability. The 

control device efficiency decayed much faster relative to the PEA devices. Figs B7, B8, 

and B9 show the decay regarding other device parameters, JSC, VOC, and FF, respectively. 
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The higher VOC is retained for the PEA devices with P3 showing a high value after several 

hours. This result can be explained on the basis of a higher amount of mixed 2D/3D phases 

present, which stabilized the VOC. The decrease in JSC (Fig. B7) and FF (Fig. B9) follow a 

similar trend to the control device due to the decomposition of the perovskite, as observed 

in several reports [204,205].  

 
Fig. 6.7 Current-voltage characteristics of perovskite device with different PEA doping 
conditions 
 

 
Fig. 6.8 Box plots of a) PCE and b) VOC of perovskite device with different PEA doping 
conditions 
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Fig. 6.9 Degradation of PCE of perovskite devices with different PEA doping conditions 

6.4 Conclusion 

To summarize, this work demonstrates the effect of introducing PEA cations into a 

triple-cation perovskite with a composition of PEAx(FA0.85MA0.10Cs0.05)1-x with x varying 

from 0 – 5 %. Adding PEA improves the overall crystallinity of the perovskite, with fewer 

pinholes and better coverage for samples prepared on both PEDOT and ITO surfaces. 

Higher amounts of PEA, such as 5 %, results in the formation of 2D PEAPb(I0.7Br0.3)3 

platelet-like structures on the surface. The improved crystallinity of the perovskites, from 

adding PEA, also results in higher PL intensity and lifetimes due to reduced surface 

recombination and fewer defects. Subsequently, the performance of the device in an 

inverted configuration is superior for 1.67 % and 3 % PEA doped devices compared to the 

control device. Higher-order doping (5 % PEA) shows poor conductivity, given the high 

impedance of the 2D phase to charge transport across the interface between the active layer 

and the charge transport layers. Low conductivity, coupled with a loss of 3D nature of 

perovskite in the 5 % PEA doped sample, results in poor optical properties and PCE. The 
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overall stability of the PEA-doped devices improves due to the enhanced moisture 

resistance built-in by the introduction of PEA. This work shows the effect of the addition 

of PEA in multi-cation systems, especially triple-cation perovskite, and provide a better 

understanding of crystallization on a polymer surface, with scope for further extending the 

work to flexible solar cells. 
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CHAPTER 7 

PASSIVATION OF TRIPLE-CATION PEROVSKITES USING GUANIDINIUM 

IODIDE IN INVERTED SOLAR CELLS FOR IMPROVED OPEN-CIRCUIT 

VOLTAGE AND  

7.1 Introduction 

Organic-Inorganic hybrid perovskite solar cells (PSCs) have attracted a lot of 

attention since they first came out in 2009 [83]. Owing to some unique properties such as 

strong absorption [206], tunable bandgap [207], excellent charge carrier mobility, and long 

diffusion lengths [174], small exciton binding energies [208], PSCs oversaw significant 

development. A high record of 25.2% power conversion efficiency (PCE) was reported to 

date [209], which is comparable to what is achieved by most conventional solar industry 

technologies. Further increase in the efficiencies can be expected through improvements 

in open-circuit voltages (VOC) and fill-factor (FF) since the short-circuit density (JSC) has 

almost reached its limit with a recent record of ~28mA/cm2 reported [210].  

The VOC of the devices is regarded as a strong function of defects in the bulk or on 

the surface of the perovskite [211–214]. Perovskite materials are considered highly 

polycrystalline and have a structural disorder associated with grain boundary and 

crystallographic defects [215]. The commonly reported composition – CH3NH3PbI3 is 

known to have shallow defects on the surface, which could be potential recombination 

centers and contribute to voltage losses [203,216]. A multi cation system with dual [217] 

and triple-cations [218] in place of Methylammonium (MA) would also lead to several 

defects on the surface due to the competing nature of crystallization. Also, the solution 

processing methodology, a commonly used fabrication route in research on PSCs, is known 
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to induce several defects on the surface [219,220]. For any given composition, the solution 

route gives rise to dangling bonds on the surface, which need to be passivated. Several 

groups have addressed this through the introduction of halide compounds such as 

diammonium iodide [221], quaternary ammonium halides [219], potassium halide [222], 

and iodopentafluorobenzene [223]. Other methods of passivation include deliberately 

inducing the PbI2 phase into the perovskite to for a type – I band alignment and suppress 

charge carrier recombination [106,107]. Grain boundary passivation through excess Pb in 

the precursors was investigated by several groups as a means to promote stability and 

efficiency [104,152,224–227].  The introduction of large cation groups such as phenyl ethyl 

ammonium iodide (PEAI) [217] into the perovskite resulted in excellent improvements to 

the efficiency and stability of the device through passivation mechanisms. However, fewer 

reports investigated the effect of introducing large cations into triple-cation perovskite 

compositions – Cs0.05(FA0.83MA0.17)Pb(I0.83Br0.17) [189] and double cation compositions – 

(FAPbI3)0.85(CH3NH3PbI3)0.15 [188] and FA0.8Cs0.2PbI2.7Br0.3 [228]. While these studies 

have shown improved performances and stabilities of single and dual cation perovskites, 

further investigation is needed for post-treatment procedures of triple-cation perovskite 

compositions along with improvements in the solution processing and passivation. 

A planar-inverted architecture is known to have lower processing temperature and 

simpler fabrication routes, making them faster to commercialization than mesoporous 

architecture [42,78,192], especially for flexible solar cells. Of the various hole transport 

layer (HTL) materials used in an inverted configuration, Polyethylenedioxythiophene: 

poly( styrene sulfonate) (PEDOT: PSS) has been widely used due to good processability, 

high mechanical flexibility, good thermal stability, adequate transparency, and energy 
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levels [190,195,229–234]  and also extend their applicability to inverted device 

architectures. Crystallization of perovskites on a PEDOT surface is quite different from 

that of other materials with Reza et al., demonstrating that post-treated PEDOT improved 

the contact angle and hence grain sizes of MAPbI3 [235]. Triple-cation perovskite in an 

inverted configuration with PEDOT and phenyl-C61-butyric acid methyl ester as the 

electron transport layer (ETL) has been explored by Ji et al., primarily to prevent 

degradation of Sn-based perovskites by salt doped HTL such as Spiro-OMeTAD [198]. In 

this regard, there is a need to explore the crystallization and morphology of triple and dual 

cation perovskites on a PEDOT surface. Research on triple-cation perovskites in an 

inverted configuration is also necessary to facilitate simpler processing and fast 

commercialization, especially for future flexible solar cells.  

In this work, the effect of post-treatment of triple-cation perovskites with 

Guanidinium Iodide (GUAI) is explored. The structural and optical properties of adding 

different concentrations of GUAI on triple-cation perovskite prepared on a PEDOT surface 

were studied. Further, the device performances in an inverted configuration with PEDOT: 

PSS and PCBM as the HTL and ETL, respectively, were investigated. The post-treatment 

with GUAI yields better morphology and demonstrate improved VOC’s from 0.73V for a 

control sample to 0.86V for GUAI loaded sample and a subsequent power conversion 

efficiency (PCE) of 13.01%. A passivation effect that plays in suppressing recombination 

and the reason behind the improved VOC is proposed 

7.2 Experimental Procedure 

GUAI (99.99%), Methylammonium Bromide, MABr (99.99%), Formamidinium 

Iodide, FAI (99.99%) were purchased from GreatCell Solar. Lead Iodide, PbI2 (99%), Lead 
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Bromide, PbBr2 (99.99%), and Cesium Iodide (CsI) were purchased from TCI America. 

All the chemicals were used as received without any further processing. PbI2 and PbBr2 

were prepared to 1.5M as a stock solution in a 4:1 V/V mixture of dimethylformamide 

(DMF) and dimethylsulfoxide (DMSO). The solutions were heated to 180°C for 10mins to 

facilitate dissolution. Both these solutions were used within a week of preparation. CsI 

solution was prepared to 1.5M in DMSO and heated to 150°C for 10 mins and cooled to 

room temperature before use. FAI and MABr were dissolved in PbI2 and PbBr2 solutions, 

respectively, to a concentration of 1.2M to prepare FAPbI3 and MAPbBr3. These were 

mixed in the ratio 5:1 of FAPbI3 and MAPbBr3 to form the FAMA precursor solution. CsI 

(5% vol) was then added to the FAMA perovskite to obtain the FAMACs triple-cation 

perovskite. GUAI was dissolved to different concentrations of 1mg/ml, 2mg/ml, and 

3mg/ml in isopropyl alcohol (IPA) with stirring for a few mins. PEDOT: PSS (purchased 

from Xi’an polymer light corporation) filtered through a 0.45µm filter was used as the hole 

transport layer. Phenyl-C61-Butyric-acid methyl ester (PCBM) (purchased from Sigma 

Aldrich) was dissolved in Chlorobenzene (20mg/ml) for use as the electron transport layer. 

For the device fabrication, a 2.5x2.5 cm2 patterned indium doped tin oxide on glass 

(ITO/glass) was used as the substrate. These substrates were thoroughly cleaned in soap 

water, followed by ultrasonication in deionized water, acetone, and IPA for 10mins each. 

They were further treated to UV-Ozone for 12mins to remove organic contaminants. 

Substrates were then transferred to a Nitrogen filled glovebox for device fabrication. 

PEDOT: PSS was spin-coated for 30s at 4000rpm, followed by annealing at 130°C. This 

was followed by the deposition of the perovskite with anhydrous ethyl acetate, EA (Sigma) 

as the antisolvent through a one-step method. 120µL of perovskite was dropped on the 
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substrate and spin-coated at 5000rpm for 35s. 10s from the start, 300µL of EA was dropped 

within 3s, resulting in dark brown color. Substrates were then annealed at 100°C for 1 hour. 

Different GUAI solutions were then spin-coated at 4000rpm for 30s to give G1, G2, and 

G3 for 1mg/ml, 2mg/ml, and 3mg/ml, respectively, with G0 assigned as the control sample. 

This was followed by spin coating PCBM at 1000rpm for 30s with no post-annealing. 

Finally, 80nm of Al was deposited by thermal evaporation using a shadow mask. The final 

device area was measured to be 0.2cm2. 

The prepared samples were characterized using different techniques to further 

understand various properties. X-ray diffraction was performed using a diffractometer with 

Cu-Kα radiation with a corresponding beam current of 45mA and anode tension of 45kV. 

A Scanning electron microscope (SEM XL-30 Environmental FEG) was used to study the 

morphology and film formation. Absorbance spectra were recorded using Cary 5000 UV-

Vis spectrometer. Steady-state photoluminescence (PL) measurements were carried out on 

the perovskite samples using a Reinshaw InVia spectroscopy with an x100 objective lens 

and 460nm excitation wavelength. The samples were excited from the front side for all PL 

measurements. The lifetime of minority carriers was estimated using a Picosecond Time-

Correlated Single Photon Counting (TCSPC) Spectrofluorometer. Decay was monitored at 

765nm when the samples were excited at 460nm using a white light laser (Fianium) with 

6-ps pulses. Current-voltage measurements (J-V) of the devices were carried under 

simulated AM 1.5G (100mW/cm2) radiation using a Xenon lamp (Spectra-Physics, Oriel 

Instruments, USA). 
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7.2 Results and Discussion 

 

Fig. 7.1 a) Schematic of GUAI passivation in triple-cation perovskite, and b) XRD spectra 

of perovskite with different GUAI loading conditions prepared on PEDOT/ITO/glass (* 

represents PbI2) 

Figure 7.1a shows the schematic of the passivation effect of adding GUAI on triple-

cation perovskite. Fig. 7.1b shows the XRD spectra of the triple-cation perovskite with the 

theoretical composition FA0.85MA0.10Cs0.05Pb(I0.7Br0.3)3, with different loading conditions 

of GUAI, prepared on a PEDOT/ITO/glass substrate. The observed peaks at 14.10°, 19.8°, 

24.4°, 28.1°, 31.5°, and 34.6° correspond to (110), (012), (003), (220), (123), and (114) 

planes, respectively of the triple-cation perovskite [72,236]. The peak at 12.67° (also 

indicated by the dashed red line) corresponds to PbI2 [237]. PEAI as a surface modifier 
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was investigated by a lot of groups, and additional diffraction peaks were not observed 

compared to control samples [217,228]. The spectra from Fig. 7.1b also indicates a similar 

trend with GUAI potentially residing in the grain boundaries and on the surface. No 

additional 2D phases were noticeable from the XRD spectra, while the intensity of the 

perovskite was found to be similar across all the samples. The intensity of the PbI2 peak 

around 12.6° gradually decreases with increasing GUAI loading. This effect indicates that 

the GUAI is reacting with the PbI2 to partially form GUAPbI3, which was known to be 1D 

in nature [238]. Although, there are no discernible peaks indicating the presence of 

GUAPbI3, possibly due to a very weak signal from this phase. In the work of Jodlowski et 

al. [238], a peak of GUAPbI3 was only possible at very high concentrations of GUA in the 

perovskite solution. The choice of triple-cation perovskite in our case could have led to 

unreacted PbI2 forming on the surface, which explains the origin of the peak at 12.6° in the 

control sample. Also, given the large size of GUA cation, the incorporation into the 

perovskite itself is impeded [238]. To further validate the reproducibility of the 

morphology, the XRD spectra of triple-cation perovskite on ITO/glass is shown in Fig. C1 

(see appendix C). The general intensity of the perovskite prepared on ITO decreased a little 

compared to that of PEDOT/ITO/glass, and a similar trend was observed with the PbI2 peak 

at 12.6° decreases with increasing GUAI loading. The surface modification of adding 

GUAI will be further explored in the next section. 

SEM images of the triple-cation perovskite with different loading conditions of 

GUAI, prepared on PEDOT/ITO/glass, are shown in Fig. 7.2. All the samples which have 

the triple-cation composition exhibit a uniform morphology with little to no pin-holes and 

similar grain sizes. The surface appears to be modified for GUAI based samples compared 
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to the control sample. Several bright spots (indicated by yellow circles) that appear in the 

control sample, which are most likely unreacted PbI2 crystals, have been minimized with 

increasing GUAI loading. Further, a more compact morphology with smoother surfaces 

and almost no bright spots was observed for G3, which is the highest concentration. A 

passivation effect is likely induced due to GUAI depositing at grain boundaries and further 

reacting with PbI2, as evidenced in the XRD spectra. However, unlike the passivation 

induced by adding GUA in the precursor through the formation of δD FAPbI3 and 2D 

FAGAPbI4 [189], in this case, it is from post-treatment of the perovskite with GUAI. 

Higher concentrations of GUAI would yield thicker layers on top of the perovskite, thereby 

increasing passivation, although this effect is not apparent in the morphology images. 

Charge transport across the passivated perovskite layers would be significant and will be 

discussed in the next sections. The SEM was also carried on samples prepared on an 

ITO/glass surface and shown in Fig. C2. The triple-cation perovskite crystallizes as a large 

number of grains on the PEDOT with slightly smaller sizes than on PEDOT/ITO/glass, as 

also evidenced by the XRD spectra. Nonetheless, this also leads to the appearance of bright 

spots that were found to be minimized and disappear with increasing GUAI concentration 

in post-treatment. A smoother morphology that is pin-hole free and homogenous across the 

surface was realized post GUAI treatment. The formation of this kind of morphology is 

important in forming a good interface with PCBM, to minimize shunt pathways and losses 

during operation. 
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Fig. 7.2 SEM images of perovskite with different GUAI loading conditions prepared on a 

PEDOT/ITO/glass 
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Fig. 7.3 UV-Vis spectra of perovskite with different GUA loading conditions 

 

Fig. 7.4 Steady-state PL spectra of perovskite with different GUA loading conditions 

The optical properties can be explained by the UV-Vis absorption and Steady-state 

photoluminescence (PL) results in Figs. 7.3 and 7.4, respectively. A small reduction in 

absorbance is observed for the G3 sample, which has a higher concentration of GUAI 
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(3mg/ml). Other than this, the absorbance is similar for all the samples relative to the 

control sample without GUAI. The steady-state PL spectra indicate that the PL intensity 

improves for all loading conditions of GUA, which is a sign of suppressed non-radiative 

recombination [239]. The suppressed recombination due to a surface treatment using a 

large cation salt is similar to the results observed by Jiang et al. [217]. Higher loading of 

GUA, however, does not seem beneficial with the PL intensity dropping for G3 (3mg/ml). 

Although additional peaks of a specific 2D phase are not observed in XRD results, it is 

likely that the higher concentration induces a weak form of GUAPbI3 present on the 

surface, which could also be playing a role in the suppressing non-radiative recombination. 

Time-resolved PL studies were carried out on the samples with different GUA 

loading, and the corresponding spectra are shown in Fig. 7.5. A bi-exponential decay 

function defined by I(t) = A1e1
-(t/τ1) + A2e2

-(t/τ2) was used to fit the parameters and shown in 

Table 7.1. The fast decay component, τ1, represents defects from non-radiative 

recombination while the slow component, τ2, relates to radiative recombination 

[158,159,202]. τPL which can be defined as the average lifetime, was determined by the 

equation, τPL = α1τ1 + α2τ2, where α1 = A1/(A1 + A2) and α2 = A2/(A1 + A2). The average 

lifetime, τPL, which takes into account both the components, increases for all GUA loading 

conditions compared to the control perovskite. Specifically, the value increases from 

89.90ns for a control sample to 119.76ns for G1. Similar values were observed for G2 as 

well, but the lifetime of carriers in G3 goes down relative to G1 and G2. This can be 

explained due to the induced passivation effect from adding GUAI on the perovskite 

surface and similar to the effect observed by Jiang et al. [217] from adding PEAI. The 

lower lifetime for G3 (3mg/ml) can be likely explained due to the partial formation of 
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GUAPbI3 relatively higher than G1 and G2, on the surface of the perovskite, inhibiting 

charge transport. The nature of charge transport as related to the device performance is 

discussed in the following section. 

 

Fig. 7.5 Time-resolved PL spectra of perovskite with different GUA loading conditions 

Table. 7.1. TRPL fitting parameters of perovskite with different GUAI loading conditions 

Sample τ1(ns) τ1% τ2 (ns) τ2% τPL (ns) 

G0 60.64 46.34 115.19 53.65 89.90 

G1 89.89 68.32 184.29 31.67 119.76 

G2 77.98 62.43 188.41 37.56 119.46 

G3 58.93 31.35 137.28 68.64 112.71 
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Fig. 7.6 Current-Voltage characteristics of perovskite device with different GUAI loading 

conditions 

Table. 7.2 Solar cell device parameters of perovskite with different GUAI loading 

conditions 

Device 
JSC 

[mA/cm2] 
VOC 

[V] 
FF 

 
PCE 
[%] 

G0 22.29 0.72 0.62 10.16 
G1 23.78 0.80 0.68 13.01 
G2 23.50 0.83 0.63 12.68 
G3 9.18 0.86 0.69 5.50 

 

Current-voltage characteristics were performed on devices prepared in an inverted 

configuration with PEDOT and PCBM as the hole and electron transport layers, 

respectively, and shown in Fig. 7.6 with the corresponding device parameters in Table 7.2. 

While the control device demonstrated a PCE of 10.16%, G1 and G2 demonstrated 13.01% 

and 12.68% in forward scans. The PCE values were not very high, possibly due to a slight 

mismatch between the energy levels of PEDOT/PCBM and the triple-cation perovskite. Ji 
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et al. demonstrated a PCE of 9.69% for a forward scan in a triple-cation perovskite device 

with PEDOT and PCBM as the HTL and ETL, respectively. They found that adding an 

optimized amount of Sn as a partial replacement to Pb would more suitably align the band 

levels and give a higher PCE of 16.10%. In our case, the VOC was found to be improved 

for GUAI loaded samples, which is the reason behind the boost in efficiency to 13.01%. 

The primary reason behind the improved VOC can be attributed to the surface passivation 

of defects on the perovskite. Increasing the concentration to 3mg/ml, however, results in 

lower efficiency due to the reduced current densities across the perovskite-charge transport 

layers interface. Small improvements in JSC were also observed for low concentrations, G1 

and G2, from 22.29mA/cm2 for G0 to 23.78mA/cm2 and 23.50mA/cm2, respectively. These 

improvements can be attributed to the suppression of defects from adding GUAI. However, 

G3 shows a drastic decrease in JSC to 9.18mA/cm2 from the control device. Previous reports 

indicated GUAI could be insulating in nature, similar to PEAI, [217], which along with a 

partial formation of GUAPbI3, would be the reason for the lower JSC values. 

For investigating the reproducibility in performance from the addition of GUAI, 

box plots of PCE are shown in Fig.7.7, which are the results of 8 devices fabricated with 

the same conditions. The corresponding plots of VOC, JSC, and FF are shown in 

Supplementary Figs. C3, C4, and C5, respectively. A similar trend in the values as the main 

data in the box plots with small distributions indicating good reproducibility.  
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Fig. 7.7 Box plot of PCE for perovskite devices with different GUAI loading conditions 

The stability of the devices prepared with different loading conditions was assessed 

and plotted the normalized device parameters of them tested over a period of 600 hours in 

Fig. 7.8. The samples were stored in the ambient between measurements. Both G1 and G2 

devices demonstrate superior stability in PCE and only degraded by approximately 20%, 

compared to the control device, which decomposed by more than 40%. G3, however, 

degrades a little more (35%) relative to G1 and G2 but still proves to be more stable than 

the control device. Other device parameters are shown in Figs C6, C7, and C8. The JSC 

values follow a similar trend in degradation along with FF, but the VOC is shown to be 

retained over extended periods as opposed to decay of nearly 90% for the control device. 

The higher stability can be attributed to the passivation effect induced by the addition of 

GUAI on the perovskite. 
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Fig. 7.8 PCE decay of perovskite devices with different GUAI loading conditions 
 
 

7.4 Conclusion 

To summarize, the effect of adding different concentrations of GUAI in IPA to 

triple-cation perovskite, and the resulting changes in selective properties was investigated. 

In this regard, three different concentrations of GUAI on perovskite were investigated. 

Although higher crystallization was not observed, a passivation effect is understood to be 

induced on the surface, especially on unreacted PbI2. Analysis of the steady-state PL 

spectra shows improved intensity and lifetime on all GUA loaded samples compared to the 

control sample. The fitted parameters for the lifetime values indicate suppressed carrier 

recombination, and an overall reduced defect density for the GUA loaded samples. Device 

performance was then evaluated with respect to the control sample, and both 1mg/ml (G1) 

and 2mg/ml (G2) demonstrate superior performance with improved VOC. Although an even 

higher VOC was observed for a higher concentration of 3mg/ml (G3), JSC was found to be 

low, likely due to the insulating nature of GUAI, resulting in minimized charge transport 
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across the interface between the perovskite and charge transport layers. Further studies on 

stability, evaluated over a period of 600 hours, demonstrate the retaining of VOC for GUA-

based devices with only a loss of 20% PCE observed, compared to the control device.  
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CHAPTER 8 

SUMMARY AND FUTURE WORK 

8.1 Summary 

 Perovskite Solar Cells (PSCs) have made huge strides in terms of progress in 

efficiency and stability compared to several alternative solar technologies. However, there 

is still a great need to push the limits and realize their potential even more, especially as 

the need for renewable technologies grows by the day. This work aims to investigate 

approaches for improving both the efficiency and operational stability of PSCs. Efforts 

were directed towards compositional tuning to realize superior morphologies and structures 

that can withstand moisture penetration and maintain high efficiency for extended periods 

while minimizing toxicity. The addition of new layers for inducing passivation of defects 

and traps, and improving the morphology and smoothness of the active layer and charge 

transport layers were also investigated. 

In chapter 3, the addition of excess Pb to precursors for solution processing of 

MAPbI3 was investigated. Improvements in the efficiency and overall stability were 

demonstrated for 5% excess Pb in the precursors. Chapter 4 discusses the effect of ZAC as 

a secondary buffer layer on PCBM for reduced roughness and to facilitate better charge 

extraction leading to the higher efficiency of MAPbI3 devices. Chapter 5 discusses the 

introduction of Sr for partially replacing Pb, up to 30%, in MAPbI3 perovskites, and 

demonstrates improved stability for 10% Sr alloyed devices.  

Chapter 6 is focused on the role of introducing PEA cations into FAMACs triple-

cation perovskite for improving the crystallinity and morphology of the perovskite. It was 
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demonstrated that 1.67% of PEA is optimal for obtaining a smooth and pinhole-free 

morphology, which results in better efficiency. In addition, the stability of the device was 

found to be improved due to reduced moisture penetration into the perovskite structure. 

Chapter 7 discusses the role of adding different concentrations of GUAI layers on top of 

triple-cation perovskite to induce a passivation effect and to suppress non-radiative 

recombination. Both 1mg/ml and 2mg/ml of GUAI in IPA proved to be effectively 

passivating the perovskite surface with a reduced amount of PbI2 and increased minority 

carrier lifetimes. As a result, the efficiency was found to be improved for both 1mg/ml and 

2mg/ml GUAI based devices, compared to the control perovskite device. 

8.2 Future Work 

Despite the remarkable progress achieved in the field of perovskites, questions 

remain regarding the commercial viability of perovskites as a mainstream solar cell 

technology. Some of these questions are critical to the development of perovskites, such as 

long-term operational stability and toxicity of Pb. While encapsulation methods were 

investigated to mitigate some of the issues, concerns remain on the use of organic 

components, which tend to degrade easily, and the environmental impact of Pb in the 

perovskite. Also, while the reduced cost of processing perovskite devices is considered a 

positive compared to Si-based solar cells, there is scope for research to further reduce the 

cost and to extend the fabrication to other than conventional glass-based substrates 

Compositional engineering of perovskites can be done using simple solution 

processing routes, and materials with a variety of properties can be realized. The effect of 

large cation groups in the perovskite is a new area that is relatively underexplored. By 
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effectively tuning the ratios of the cation to anion within the Goldschmidt's tolerance factor, 

a large cation introduction can be explored in more detail to tune the bandgap for high 

absorption and material stability.  

Although both planar and inverted architectures were demonstrated in perovskites, 

the majority of the focus of most research groups is on planar architectures. This interest 

is partly due to the ease of crystallization and interface formation of the perovskite on metal 

oxide layers. Several new compositions, especially triple-cation perovskites, hold great 

potential compared to single and dual cation perovskites. These new compositions need to 

be explored in more detail in an inverted configuration with polymer-based layers on the 

substrate. Research on inverted configurations improves the scope for the development of 

PSCs on flexible substrates and could increase their applicability to energy production 

technologies.  
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Fig. A1 XPS spectra of C 1s peaks in perovskite control and 10% Sr alloyed sample 

 
Fig. A2 Full XPS spectra of perovskite control and 10% Sr alloyed sample 
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Fig. A3 Box plot for VOC comparison of perovskite with different Sr alloying conditions 
 

 
Fig. A4 Box plot for JSC comparison of perovskite with different Sr alloying conditions 
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Fig. A5 Box plot for FF comparison of perovskite with different Sr alloying conditions 

 
Fig. A6 Stability comparison of JSC values of perovskite control and 10% Sr alloyed 
device 
 



  127 

 
Fig. A7 Stability comparison of VOC values of perovskite control and 10% Sr alloyed 
device 

 
Fig. A8 Stability comparison of FF values of perovskite control and 10% Sr alloyed 
device 
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Fig. B1 Intensity ratio trend of perovskite with different PEA doping conditions 
 
 
 
 
Table. B1 FWHM and α values of perovskite with different PEA doping conditions 
 

 Sample FWHM  α (%) 

P0 0.166 49.43 

P1 0.156 52.12 

P2 0.147 53.21 

P3 0.142 53.78 
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Fig. B2 XRD spectra of perovskite with different PEA doping conditions 
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Fig. B3 SEM images of perovskite with different PEA doping conditions 
 

 

Fig. B4 Normalized PL intensity of perovskite with different PEA doping conditions 
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Table. B2 TRPL Fitting parameters of perovskite with different PEA doping conditions 
 

Sample τ1(ns) τ1% τ2 (ns) τ2% τPL (ns) 

P0 58.27 40.31 144.07 59.68 122.39 

P1 83.60 25.26 196.37 74.73 150.91 

P2 65.23 30.64 157.34 69.35 129.11 

P3 26.89 25.86 393.80 74.13 298.94 

 

 

 
Fig. B5 Box plot of JSC values of perovskite devices with different PEA doping 
conditions 
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Fig. B6 Box plot of FF values of perovskite devices with different PEA doping 
conditions 
 

 
Fig. B7 JSC degradation trend of perovskite devices with different PEA doping conditions 
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Fig. B8 VOC degradation trend of perovskite devices with different PEA doping 
conditions 
 

 
Fig. B9 FF degradation trend of perovskite devices with different PEA doping conditions 
 
 
 
 
 
 
 
 
 
 



  135 

APPENDIX C 

SUPPORTING INFORMATION FOR CHAPTER 7 
 
  



  136 

 
Fig. C1 XRD spectra of perovskite with different GUAI loading conditions prepared on 
ITO/glass   (* represents PbI2) 
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Fig. C2 SEM images of perovskite with different GUAI loading conditions prepared on 

an ITO/glass substrate 

 

 
Fig. C3 Box plot of JSC of perovskite devices with different GUAI loading conditions 
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Fig. C4 Box plot of VOC of perovskite devices with different GUAI loading conditions 

 
Fig. C5 Box plot of FF of perovskite devices with different GUAI loading conditions 
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Fig. C6 JSC decay of perovskite devices with different GUAI loading conditions 

 
Fig. C7 VOC decay of perovskite devices with different GUAI loading conditions 
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Fig. C8 FF decay of perovskite devices with different GUAI loading conditions 
 

 


