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Abstract 

 

In this research, novel hybrid perovskite materials were synthesized, characterized and applied in 

photovoltaic cells (PVCs) to enhance the performance of PVCs. Mixed-organic-cations tin halide 

perovskites (MOCTPs) were successfully synthesized using sol-gel method. These MOCTPs 

include guanidinium dimethylammonium tin iodide ([GA][(CH3)2NH2]SnI3) and guanidinium 

ethylmmonium tin iodide ([GA][CH3CH2NH3]SnI3). The MOCTPs were studied in comparison to 

their single-organic-cation tin perovskites (SOCTPs), which include guanidinium tin iodide 

(GASnI3), ethylammonium tin iodide ([CH3CH2NH3]SnI3) and dimethylammonium tin iodide 

[(CH3)2NH2]SnI3. High Resolution Scanning Electron Microscopy (HR SEM) of the five 

perovskite materials showed good crystallinity and tetragonal and hexagonal cubic shapes, 

characteristic of perovskites. These shapes were also confirmed from High Resolution 

Transmission Electron Microscopy (HR TEM), and the internal structure of the perovskites gave 

similar zone axes (ZAs) with those obtained from X-ray Diffraction (XRD). XRD showed 

tetragonal lattice shape for these perovskite materials. Fourier Transform Infrared (FTIR) 

demonstrated similar functional groups for both the SOCTPs and MOCTPs. FTIR bands that were 

observed are; N-H, C-H sp3, C-H aldehyde, N-H bend, C-N sp3 and N-H wag. From the 13C 

Nuclear Magnetic Resonance (NMR) results,  the carbon atom of guanidinium iodide precursor 

shifts from downfield to upfield position, e.g. from 110.57 ppm to 38.49 ppm in GASnI3 SOCTP. 

This confirms a shift upfield of the carbon atom in guanidinium iodide precursor  as it bonded to 

Sn metal in the perovskite chemical structure. Similar behavior was also observed for the NMR 

spectra of [GA][CH3CH2NH3]SnI3 MOCTP, where C-2 and C-3 atoms of ethylammonium iodide 

precursor shifted upfield from 37.03 ppm to 15.69 ppm and 16.06 ppm to 14.39 ppm respectively. 
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Ultraviolet-Visible (UV-Vis) spectroscopy of the MOCTPs showed a red-shift in absorption 

relative to the SOCTPs. Correspondingly, the MOCTPs had narrow energy band gap (Eg) 

compared to the SOCTPs, e.g. [GA][CH3CH2NH3]SnI3 had a band gap of 1.44 eV while 

[CH3CH2NH3]SnI3 had a band gap of 2.89 eV. The MOCTPs had enhanced optical properties for 

photovoltaic application since materials with narrow band gap can harvest more solar energy from 

wider spectrum of light. Cyclic Voltammetry (CV) studies of the MOCTPs showed improved 

electrochemical properties relative to the SOCTPs. The CV showed increase in peak current (Ip), 

e.g. GASnI3 perovskite recorded 28.78 µA while [GA][CH3CH2NH3]SnI3 perovskite recorded 

62.60 µA for scan rate of 0.1 V/s and potential window between -1.0 and 1.0 V. The rate of 

diffusion of [GA][CH3CH2NH3]SnI3 perovskite from the bulk solution to the surface of the 

electrode is faster than the rate of diffusion of GASnI3, hence the increase in current observed in 

the MOCTP. Electrochemical Impedance Spectroscopy (EIS) characterizations further confirmed 

that the electrochemical properties of the MOCTPs were improved compared to SOCTPs. The EIS 

showed reduced log impedance when MOCTPs are compared to SOCTPs, e.g. 

[GA][CH3CH2NH3]SnI3 recorded log impedance 4.37 while GASnI3 recorded log impedance of 

4.56. Phase angle of MOCTPs were higher than that of SOCTPs, e.g. [GA][CH3CH2NH3]SnI3 

recorded a phase angle of 52.1° while GASnI3 recorded a phase angle of 51.2°. Charge transfer 

resistance (Rct) for MOCTPs reduced compared to that of SOCTPs, e.g. [GA][CH3CH2NH3]SnI3 

showed Rct of 12552 Ω while GASnI3 recorded Rct of 18201 Ω. All the observations from EIS 

results endorse that the SOCTPs impede flow of current more than the MOCTPs, hence the 

MOCTPs  have improved conductive properties. The perovskites were further used in preparation 

of photovoltaic cells, and their power conversion efficiency (PCE) were quantified from the curve 

of current density-voltage (J-V). MOCTPs based photovoltaic cells recorded higher PCE 
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compared to their SOCTPs counterparts, e.g. [GA][(CH3)2NH2]SnI3 based cell achieved PCE of 

2.79% while GASnI3 based solar cell recorded PCE of 0.68% under non-optimized conditions. 

The MOCTPs had higher PCE than that of SOCTPs, confirming enhanced photovoltaic 

performance of MOCTPs. Steric hindrance that results from the surface structural modification of 

the mixed-organic-cations leads to improved perovskite film formation. In addition, mixing these 

organic-cations promoted passivation of perovskite surface defect sites, which helped hinder 

charge recombination and improved charge transfer efficiency. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1  Background information 

 

Energy is one of the most basic and primary needs for human life. Over the past years, most of the 

world’s energy has been produced from fossil fuel-based sources, e.g. coal, gasoline, diesel fuel, 

heat oil, jet fuel, kerosene and natural gas [1]. Fossil fuel-based sources cause undesirable 

environmental effects such as acid rain and global warming [2, 3]. They are non-renewable and 

will run out in the future. There is a growing demand for high energy density which is due to 

increase in the world’s population and industrial machineries. More energy is required to sustain 

domestic activities, electric vehicles and many emerging advanced technologies/ devices. Hence, 

there is need for an alternative, reliable and renewable energy source that will satisfy the huge 

energy demands with little or no adverse effects on the environment. 

 

There are several known sources of clean and renewable energy namely; wind, solar, water, 

biomass and geothermal [4]. The energy source that stands out with sufficient capacity to supply 

global electricity needs is solar photovoltaic (PV) energy. Photovoltaic cells by function, collect 

solar energy through their light absorbing materials and change it directly into electrical energy. 

The word “photovoltaic” was named from the process of transforming photons of light energy into 
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voltage, which is electrical energy through a process called the photovoltaic (PV) effect [5]. From 

understanding this process, we can design simple photovoltaic devices that are easy to maintain. 

PV devices are most desirable for their advantage of being easy to construct as independent 

systems that give relatively good power outputs [6]. 

 

Photovoltaic cells require absorbing material such as methylammonium tin iodide perovskite film, 

that is incorporated within the cell structure. The primary function of the absorbing material is to 

absorb solar energy and transform it into free electrons via the photovoltaic effect [7]. When 

sunlight strikes a photovoltaic cell, energy is imparted to some electrons which are in turn 

promoted to higher energy level, a process called excitation. A semiconductor crystal has ability 

to produce significant free electrons upon illumination with light, hence generating electrical 

energy [8, 9]. PV cell exhibits a potential barrier that enables the excited electrons to produce 

voltage that can drive electricity through a circuit [10]. Current research in this area is mainly 

focusing on making perovskite cells that have high efficiency and are low cost to produce and 

maintain [11]. 

 

1.2  Perovskites and its classification 

 

The term “perovskites” is used to describe a group of compounds characterized by the general 

formula ABX3. These compounds conform to the crystalline structure characteristic to that of 

calcium titanium oxide (CaTiO3) [12]. Figure 1.1 shows the basic ABX3 perovskite structure where 

component A can either be an inorganic or organic cation e.g.  (CH3CH2NH3
+), B is a metal cation 
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e.g. Pb2+, Sn2+ etc. while X is an anion either singly charged like I-, Br-, Cl- or doubly charged like 

O2-, S2- etc. The unit cell is BX6 octahedron where B is positioned at the center directly bonded to 

6 surrounding X atoms. The unit cells form a network through corner-sharing as seen in figure 1.1, 

forming a very stable framework of many atoms. The A cations are placed in the 12 coordinated 

holes between the consecutive unit cells. These complexes exhibit various properties that make 

them useful in many applications such as solar cells, catalysis and light emitting diodes. The BX6 

has a key role in ferromagnetism and ferroelectricity. 

 

 

 

Figure 1.1: The basic ABX3 perovskite structure. [13]  

 

The major sub-divisions of the family of perovskites are inorganic oxides and halide perovskites. 

The most important class in this research is organometal halide perovskites (where mixed-organic-

cation tin halide perovskites are classified), which is a sub-class of halide perovskites division. 

Perovskite material optimization and variation is made simple by composition control and phase 

http://etd.uwc.ac.za/



4 
 

transition engineering [14]. This explains the diversity of perovskite compounds with varying 

optical and electrochemical properties. The figure below shows the classification of the crystalline 

systems of perovskites, see organometal halide perovskites.  

 

 

 

 

 

 

 

 

 

Figure 1.2: The family of perovskites. 

 

Perovskite technology comes with some advantages over the silicon technology that is currently 

being used widely. The silicon technology is expensive and involves high-energy process 

generating high levels of waste material. On the other hand, the perovskite technology is simpler, 

low cost, lower embodied energy and reduces the environmental impact massively [15]. 

Perovskites possess desirable properties for use as photovoltaic absorbers which include sharp 

absorption edge relative to their composition, great light absorption coefficient, long hole and 
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electron diffusion distances, good hole and electron carrier mobility and manifest tolerance for 

defects. The most significant disorder amongst perovskite materials is the Schottky disorder which 

involves point defect in a crystal lattice. This phenomenon means lattice vacancy defect in non-

ionic crystals. There are stoichiometric amounts of vacancies between cations and anions that are 

maintained within the crystal to keep an overall neutral charge. Furthermore, the perovskite 

structure is highly tunable because of the variety of organic and inorganic cations (A), central 

elements (B), usually Pb, and anions (X) that can be incorporated into a variety of “hybrid” 

structures, resulting in complete optical tunability over the entire visible spectrum [16]. Organic-

inorganic perovskites are widely preferred due to their good tunability. 

 

The organic-inorganic hybrid perovskites are intriguing compounds that enjoy a combination of 

physicochemical properties of both the organic and the inorganic constituent within the same 

complex [17]. The inorganic constituent offers potential for a variety of electronic properties that 

make possible the design of the semiconducting materials. This component further controls the 

magnetic and dielectric properties, mechanical properties such as hardness and thermal stability of 

the entire perovskite composite. Meanwhile, fluorescence, polarizability and mechanical 

properties as well as versatility of organic-inorganic perovskites are solely known to be contributed 

by the organic molecules in the perovskite structure [17]. Organic-inorganic hybrid perovskites 

that are halide-based show to be the most significant in this sub-class. 

 

The first study of halide-based perovskites was done on cesium lead halides (CsPbX3) by Moller, 

in 1958 [15]. The development of dye-sensitized photovoltaic cells that are constructed on liquid 
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electrolyte attracted a lot of interest amongst halide-based photovoltaic cells. Perovskite solar cell 

(PSC) devices have significantly increased the PCE of solar cells from 3.8% in 2009 to over 22% 

from latest reports [18]. The most extensively studied photovoltaic perovskites are 

methylammonium lead halide perovskites. This ABX3 lead perovskite-type structure, is made of 

an extended arrangement of octahedra of corner-sharing PbI6 framework, whereby 

methylammonium ion (CH3NH3
+) fills the A site and is surrounded by twelve close-neighboring 

iodide ions [19, 20]. Materials that exhibit the ABX3 perovskite structure usually display vacancy-

mediated diffusion process. Methylammonium lead iodide is a typical example where the vacancy-

mediated diffusion is evident, which is largely due to ease of formation of Schottky disorder, with 

an intrinsic concentration of I-, Pb2 + and CH3NH3
+ vacancies [21]. Inorganic perovskite oxides or 

halides have no interstitial migration since they lack interstitial space but depend solely on 

vacancy-mediated diffusion [21]. Over the years, halide-based perovskites have been synthesized, 

whereby the most explored organic cations for perovskite solar cells were incorporated, which 

include; methylammonium (CH3NH3
+), ethylammonium (CH3CH2NH3

+) and formamidinium 

(NH2CH=NH2
+)  cations [22]. 

 

The structure of the inorganic/organic perovskite is decisively determined by the size of the organic 

cation [23]. Small cations like methylammonium maintain a three-dimensional structure of the 

perovskite, larger cations, e.g. organic molecules containing phenyl-groups, will result in a layered 

structure with inorganic sheets alternating with organic layers hence producing lower dimensional 

materials [24]. Although lower dimensional compounds typically inhibit carrier mobility that is 

not expected for electronic materials, this disadvantage can be reduced by incorporating an organic 

component with desirable optical and electronic activities [25]. The use of planar aromatic organic 
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ligands that highly favor oriented p-stacking conformations was found to produce conjugated 

pathways that is suitable for electron and hole transport [26]. Hence, the choice of organic cation 

affects the perovskite sheet orientation. 

 

The choice of organic cation in perovskite structure influences the structure of the composite 

material and in turn on the overall perovskite properties. This demonstrates the flexibility amongst 

the organic-inorganic perovskite materials, hence improving the ability for tailoring and 

understanding transport at lower dimensions of layered perovskites. Lead-based perovskites are 

environmentally toxic, and hence they are a hazard according to regulations of international waste 

disposal. The good advancement of lead perovskite solar cells prompted the search for lead-free 

halide perovskites. The best metal cations for the functioning of organic-inorganic framework are 

divalent transition metal ions such as Pb2+, Sn2+, Pd2+, Mn2+, Fe2+, Ni2+, Co2+,Cu2+ etc. [27]. 

 

Tin is a possible alternative to lead since it is in the same group as lead and share a lot of common 

features and characteristic properties in structure, and chemical reactivity. Such materials are a 

step towards reduced environmental toxicity of perovskite materials, more especially for 

disposable devices. Furthermore, bandgap tunability of some of lead-free halide perovskites 

improves optical properties of these materials by absorbing light energy in higher wavelength 

region. This narrowed band gap is a desirable feature for better performance in solar cells, light-

sensors and optical communications [28]. One major challenge about tin is that it is an air sensitive 

metal that readily oxidizes from Sn2+ to Sn4+. Most studies done on tin perovskites usually report 

stability problems of the perovskites due to tin. Dichloromethane (CH2Cl2) has been reported as a 
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suitable electrolyte that is utilized in photoelectrochemical (PEC) solar cells that are liquid 

junction, giving relatively good stability of the perovskite because of its relatively higher di-

electric constant [29]. The use of dichloromethane and the use of nitrogen glove box in all the 

synthetic steps have been proven to counter act the instability of Sn. 

 

1.3 Thin-film technology 

 

Thin-film technology involves the use of thin films in applications such as photovoltaic cells. Thin-

films or solar cell application are thin layers (usually in nm range) of semiconductor materials 

applied to a solid substrate material. Studies have proven that thin-films considerably lower the 

cost of producing photovoltaic cells [30]. This is made possible since thin films cut down on the 

quantity of semiconductor material used  for each unit of solar cell in comparison to silicon flakes, 

hence reduces the cost of manufacturing of photovoltaic cells [30]. Commonly used materials for 

thin film PV include cadmium telluride (CdTe), titanium dioxide (TiO2), copper indium diselenide 

(CuInSe2) and gallium arsenide (GaAs) [31]. Hybrid organometallic perovskites can have their 

properties studied on thin-film structures of the perovskite material. Thin-films of organometallic 

halide perovskite materials have diverse applications on a variety of thin-film devices, such as 

PSCs, thin-film transistors [32], and light-emitting diodes [33]. 
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1.4 Problem Statement 

 

There is an increasing demand for energy due to increasing populations and emerging advanced 

industrial machineries. This has brought new opportunities for renewable energy resources which 

do not harm the environment. The current sources of energy are harmful to the environment and 

they include; coal, oil, and gas in burning fossil fuels [34]. One of the major problems of fossil 

fuel energy source that have attracted public attention recently is the "greenhouse effect," which 

changes the earth's climate. Some parts of the earth experience acid rain, which destroys forests 

and disturbs sea-life. Over-use of burning fuels causes air pollution, making the populations of the 

world ill and degrading the quality of life in many ways [35, 36]. 

 

Solar cell photovoltaics seems to be the solution for large scale, renewable and clean source of 

energy for the world population [37]. The most promising organic-inorganic solar cell perovskites, 

CH3NH3PbX are toxic due to the incorporation of lead in the crystal structure. Unfortunately, the 

desirable characteristics of solar cell perovskites are largely due to the conductive electrochemical 

properties of lead in the box-like perovskite structure. A maximum theoretical efficiency for 

optimum performance in a heterojunction device is over 30%, feasible by harvesting the ultraviolet 

light to near infrared photons up to 1.1 eV [38], and the current perovskite materials do not meet 

these standards, hence the search for better perovskite materials. 
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1.5 Aims and objectives 

 

1.5.1 Aim: 

 

Perovskites have demonstrated a great potential in being game-changers in photovoltaic cells 

through their flexible tunability and improved efficiency. This research aims to synthesize non-

toxic, mixed-organic-cation tin halide perovskites with enhanced photo-electric properties and 

higher optical absorption coefficients for solar cell application. 

 

1.5.2 Objectives: 

 

Specific objectives adopted to achieve the aim of this research stated above include: 

1. Synthesis of SOCTPs which include: ethylammonium tin iodide [CH3CH2NH3]SnI3, 

dimethylammonium tin iodide [(CH3)2NH2]SnI3 and guanidinium tin iodide (GASnI3) 

perovskites, where GA is guanidinium. 

2. Synthesis of MOCTPs, namely: guanidinium ethylammonium tin iodide 

[GA][CH3CH2NH3]SnI3 and guanidinium dimethylammonium tin iodide [(GA) 

(CH3)2NH2)]SnI3 perovskites.  

3. Photophysical characterization of the various perovskites using HR SEM, HR TEM, 

SAXS, XRD, FTIR, NMR and UV-Vis. 
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4. Electrochemical characterization of the perovskites using CV and EIS. 

5. Fabrication of photovoltaic cells: (a) photovoltaic cell devices based on GASnI3,  

[(CH3)2NH2]SnI3 and [CH3CH2NH3]SnI3 perovskites and (b) photovoltaic cell devices 

based on [GA][(CH3)2NH2]SnI3 and [GA][CH3CH2CH3]SnI3 perovskites. 

6. Testing for power conversion efficiency of the photovoltaic cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/



12 
 

1.6 Research framework 
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1.7 Thesis layout 

Chapter 1 

This chapter introduces this research. Background information and classification of perovskites is 

given in this chapter. Perovskite thin-film technology is discussed here. The chapter also 

introduces the problem statement, aims and objectives as well as the research framework. 

Chapter 2 

Chapter 2 contains literature review as well as various characterization techniques and working 

principles. Literature review includes properties of perovskites, historical and technological 

advancements of perovskites, methods used to synthesize perovskites and information on 

photovoltaic cell devices. 

Chapter 3 

This chapter discusses experimental procedures adopted in this research. Chemical synthesis of 

perovskites, including chemicals used and experimental procedures are outlined in detail. Also 

included in this chapter are chemicals and procedures adopted to fabricate perovskite solar cells. 

Chapter 4 

Results and discussion. The results were discussed on various photophysical and electrochemical 

characterization techniques. Also discussed in this chapter is the power conversion efficiency of 

the fabricated perovskite solar cells. 

Chapter 5 

This chapter contains conclusions and recommendations. 
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CHAPTER 2  

 

LITERATURE REVIEW 

 

2.1 Properties of perovskites  

 

The term “Perovskites” refers to a family of crystalline, chemical compounds that have their 

structure derived from (CaTiO3). These crystalline compounds are typically cubic in appearance. 

The characteristic chemical formula of a perovskites’ family is ABO3. The atoms of these materials 

are generally positioned so that twelve coordinated A atoms occupy the cube’s corners, octahedral 

O or X ions occupy the faces of the cubic structure, and tetrahedral B ions occupy the center of the 

crystal structure. Although perovskites are typically cubic, however they are not rigid but allow 

for changes that can occur in their structure. Their symmetry is technically orthorhombic since the 

structure is flexible to a slight distortion, making unit cells to be double the size of the cubic cell.  

 

A typical example of such distortion amongst perovskites is observed in titanium cation of barium 

titanate (BaTiO3), which may be prompted to move to an off-center position [1]. Compositions of 

orthorhombic perovskites conform to the basic Pbnm structure. Static atomic simulations were 

used on LaBaCo2O5.5 double perovskites to investigate orthorhombic intrinsic defects, based on 

the Born model [2]. LaBaCo2O5.5  orthorhombic perovskite exhibits ap × 2ap × 2ap supercell with 

Pmmm space group, in contrast the tetragonal structure exhibits ap × ap × 2ap with P4/mmm 

symmetry [2]. The results gave evidence that Ln/ Ba antisite disorder serves as the lowest energy 
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disorder reaction, where smaller antisite energies are given by the large Ln cations. This 

observation suggested that antisite energy in addition to Frenkel energy influences transport of 

oxygen vacancies.   An electrostatic dipole results in which the positive and negative charges are 

made to align toward opposite directions in the structure, this change in symmetry distorts the 

cubic shape of the perovskite lattice. Generation of this dipole is a desirable feature in which it 

accounts for the ferroelectric attributes observed from barium titanate. Such compounds brought 

light in the expertise of energy since they are suitable for use in capacitors, which are electric 

components that temporarily store energy. Stability of the perovskite phases is largely controlled 

through consideration of geometric properties that are best represented by the Goldschmidt 

tolerance factor, t in equation (1): 

 

t = (rA + rO)/ √2 (rO + rB)                                   (1) 

 

where rA, rB, and rO are the respective radii of A, B, and oxygen/ halogen ions. The Goldschmidt 

tolerance factor is engineered to fall between 0.75 and 1.00, to achieve perfect perovskite structure 

[3]. However, several perovskites that have tolerance factors falling outside this range have been 

reported [3]. All perovskites synthesized in this research have tolerance factors slightly above 

unity. Ionic radii for tin, guanidine, ethylammonium, dimethylammonium and iodine are 115 pm, 

278 pm, 274 pm, 272 pm and 220 pm respectively. GASnI3 has calculated theoretical tolerance 

factor of 1.05 while [CH3CH2NH3]SnI3 and [(CH3)2NH2]SnI3 both have tolerance factor of 1.04. 

[GA][(CH3CH2NH3]SnI3 and [GA][(CH3)2NH2]SnI3 mixed-organic-cation tin halides technically 

both have alternations of crystals with tolerance factors 1.05 and 1.04 within the same material. 
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Physical properties: 

 

Perovskites are known to display various exciting physical properties such as ferroelectric, 

dielectric, pyroelectric, and piezoelectricity. 

 

(i) Ferroelectricity 

 

This phenomenon refers to the ability of certain materials to exhibit some spontaneous electric 

polarization. In this phenomenon, the positive and negative electric charges segregate, resulting in 

one side of the material positive and the other side negative. Electric polarization can be reversed 

in direction when an appropriate electric field is applied. Ferroelectricity is closely related to 

ferromagnetism, which is a phenomenon that occurs in materials such as iron. The most significant 

among the ferroelectrics are oxides with a perovskite structure [4]. The most common classical 

examples of ferroelectric perovskites are; BaTiO3 and PbTiO3. The findings of Cohen [4] 

revealed that the ferroelectric phase of PbTiO3 demonstrates a hybridization of the oxygen and 

lead states, which leads to a large strain that makes stable the perovskite tetragonal phase. On 

the other hand, the interaction between barium and oxygen atoms in BaTiO3 is completely ionic, 

which favors formation of a rhombohedral structure [4]. 
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(ii) Di-electricity 

 

A Dielectric is an electrical insulator that gets polarized when aligned to an electric field. 

Electric charges shift slightly from their normal equilibrium positions resulting in a dielectric 

polarization, when an electric field is applied on a dielectric. Dielectric polarization causes 

positive charges in the crystal lattice to be positioned towards the direction of the field while the 

negative charges are forced to shift in the direction opposite to that of the positive charges. This 

phenomenon is useful since an internal electric field is created resulting in a reduced overall field 

in the entire dielectric. Examples of dielectric perovskites are the complex perovskite dielectric 

ceramics which are best for microwave frequency [5]. 

  

(iii) Pyroelectricity 

 

Pyroelectricity refers to the ability exhibited by certain materials to create an electrical potential 

when they are subjected to heat or cold. This change in temperature causes positive and negative 

charges in the material to migrate to opposite ends i.e. the material gets to be polarized causing an 

electrical potential to be established. The family of perovskites has predominant pyroelectric 

materials. Since perovskite solar cells are exposed to constant heating and cooling, it therefore 

means they will constantly generate an electrical potential in this process.  
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(iii) Piezoelectric 

 

Piezoelectric is a feature exhibited by some materials to generate an electric charge when they are 

subjected to tensile stress. When piezoelectric material is exposed to conditions of tensile stress, 

the positive and negative charge centers within the material, which results in an external electrical 

field. When this shifting of negative and positive charges in the material is reversed, an outer 

electrical field stretches the material or either compresses the material. The piezoelectric effect is 

made useful in applications such as the sound production and detection, microbalances, generation 

of high voltages, ultra-fine focusing of light assemblies and generation of electronic frequency.  

 

Optical properties: 

 

Perovskites such as tin halide-based perovskites exhibit electronic properties, where they have 

high charge mobility and low charge trap density and spectral tunability. Such materials have a 

major flexibility making possible for the optical and electrochemical band gap to be finely tuned. 

In optoelectronic applications, fine tuning of these band gaps, enables engineering of the 

wavelengths of both emitted and absorbed light. For example, the bandgap of lead halide 

perovskites is tunable over wavelength range from ultraviolet to the near-infrared [6]. These 

optical properties of perovskites enable them to harvest light energy over wider wavelength ranges 

making them favorable for solar cell applications, they possibly are the future replacement to the 

current silicon technology which is infra-red transparent. Mo et al. [7] made use of the optical 

properties of perovskites and synthesized a series of perovskite materials represented as 
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Sn(phen)XmYn. The materials made use of 1,10-phenanthroline as the organic component, Cl, Br, 

I halogens were used at varying concentrations as either X/Y and m + n was designed to give the 

value of 4. The intention of the design of these perovskites was to investigate the behavior of main 

group metal halides when used as photosensitive dyes. It was found that the colors of the 

compounds are tunable as the mole ratio of the halides is made to change due to the mechanism 

involving ligand to ligand charge transfer (LLCT) [7]. This tunability is illustrated in figure 2.1 

below. 

 

 

Figure 2.1: Colors of powder samples of Sn(phen)ClmIn and Sn(phen)BrmIn series [7]. 

 

Electrical properties: 

 

Perovskites exhibit electric properties which make them desirable for application in 

optoelectronics. Characteristic information of material’s electrochemical properties, such as 
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charge diffusion lengths and ease of carrier mobilities is of paramount importance in the fabrication 

of optoelectronic devices. The electrical mobility, µ, refers to the ease of a charge carrier , which 

is either electrons (µe), or holes (µh) to move within a semiconductor when an electric field is 

applied. Electrical mobility is greatly considered for applications such as photodetectors and field 

effect transistors (FETs) [8]. This property is desirable since it causes a fast response time due to 

a drift in the electrical transport mechanism. The diffusion length is also an important parameter 

in charge transport. Diffusion length is used to describe the motion of electrons and holes by 

diffusion from areas with high carrier concentration regions in the semiconductor to areas with 

lower concentration. The diffusion lengths are major performance factors in the fabrication of 

optoelectronics where excess of charge gets created by light excitation.  

 

2.2 Morphology and crystallinity of perovskites 

 

Increase in PCE of inorganic-organic hybrid perovskite solar cells from 3.9% in 2008 to current 

certification record of more than 22% recently, has been largely due to constant improvement on 

the morphology and crystallinity of the materials [9-11]. The focus in fabrication of planar solar 

cells is on ensuring high quality films with controlled morphology and minimum pinholes in the 

film for high device performance. Good crystallinity of perovskite film is very important as this 

has an impact on factors such as charge dissociation efficiency, charge transport and diffusion 

length which play a vital role in improving PCE [12, 13]. Morphology of perovskite films is 

controlled by crystal defects [14, 15]. Increase in grain size of the films causes decrease in grain 

boundary and defects [16]. Consequently, the diffusion distance between hole and electron is 
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widened, while exciton diffusion rate is faster and composite resistance is larger [17]. Crystal 

defects form centers for non-radiation recombination and carrier trapping which in turn causes 

decrease in open circuit voltage (Voc), short circuit current (Jsc) and fill factor (FF) of the solar 

cells [18]. Furthermore, defects cause significant hysteresis in photocurrent density-voltage (J-V) 

curves due to delayed charge injection and retarded photocurrent response [19].  

 

Synthesis methods should aim at reducing number of defects. For example, excess 

methylammonium iodide (MAI) or PbI2 and decomposition of MAI during annealing synthesis 

step will lead to formation of significant defects in MAPbI3 [20, 21]. The crystallization behavior 

of perovskites is dependent on such factors as deposition technique, composition and surface 

factors (e.g. surface structure and degree of hydrophilicity) and type of solvents/ additives used  

[22]. Some synthesis methods that reduce defects have been reported, which include doping and 

solvent engineering [23-25]. 

 

HI additive is used to add I- ions that will increase content of PbI6
4-  in MAPbI3 perovskite [26], 

in which a smooth perovskite film is achieved through one-step deposition [27, 28]. When iodine 

is chosen as X-site halogen in perovskite structure, formation of polyiodides is usually a problem, 

which is well explained by coordination Chemistry [29, 30]. When I- ions are in solution, they 

displace coordinated N,N-dimethylformamide (DMF) molecules to form metal iodide complexes 

e.g. PbI3
-, PbI4

2-, Pb5
3- and PbI6

4- [31]. Amongst these complexes, PbI6
4- is the only fully 

coordinated and free octahedral complex, the lower coordination levels usually form crystal 

defects [32]. 
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On the other hand, crystallinity problems are rarely an issue with mesoscopic solar cells since 

mesopores (TiO2, NiO or Al2O3) provide physical constraint on crystal dimensions [33]. More 

extensive heterogeneous nucleation is promoted in mesoscopic cells which leads to smaller 

crystallites. Here good film quality with reasonably thick film necessary for excellent efficiency is 

achieved. It is often necessary to include an overlayer of the perovskite for good device 

performance in mesoscopic cells [34]. The crystals of the perovskite within the overlayer have 

larger grain size of ranges 100-1000 nm, which is necessary for enhanced charge transport and 

hence improved device performance. The polycrystalline films exhibit distinct absorption spectra 

whereby the spectra of smaller polycrystallites in the mesoporous scaffold show much broader and 

hypsochromically shifted absorption spectra with respect to films deposited on non-mesoporous 

substrates [35, 36]. 

 

Highly efficient devices fabricated from organic-inorganic halide perovskites have been observed 

with polycrystalline films that had various grain sizes, which suggests long charge-carrier diffusion 

lengths and harmless grain boundaries [37, 38]. This was substantially shown  by Oga et al., in 

which the minimum mobilities in CH3NH3PbI3 films with various crystallite sizes (70-420 nm) 

had range between 10 and 20 cm2 V-1 s-1 [39]. In addition to controlling crystallite size, crystallite 

quality should also be enhanced. This includes the presence of defects on the surface or within the 

perovskite crystals, and crystal orientation in which the crystals align in a certain direction for 

better charge transport. 
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2.3 Historical and technological advancement of perovskites 

 

Perovskites were known as early as the nineteenth century. This was after the discovery of the 

perovskite mineral in the Urals which was first reported in 1839 by a well-known geophysicist 

(Gustav Rose) who named the mineral after Count Lev Aleksevich Von Perovski, a mineralogist 

[40]. The mineral exhibits a crystalline structure which was adopted to be characteristic to all 

chemical compounds under the family of perovskites. It took almost a century for the structure of 

perovskites to be described since the discovery of this ceramic. Goldschmidt, in 1926 [3] became 

the first to report on the structure of perovskites where he was focusing on the tolerance factors of 

perovskites. Megawin, in 1926 [41], further used XRD data of barium titanate (BaTiO3) perovskite 

material to explore perovskites and published on their crystal structure.  

 

Further work done on barium titanium revealed that the cubic crystalline lattice of this material 

may be altered. The Ti species in barium titanate (BaTiO3) perovskite can be prompted to shift to 

a new position that is off-center. These changes introduce an orthorhombic symmetry, different 

from the symmetry of cubes, which is a result of the negative and positive charges aligning in 

opposite directions in the perovskite lattice, creating an electrostatic dipole [42]. The ferroelectric 

properties of barium titanate were found to be contributed by this electrostatic dipole, which makes 

it a favorable phenomenon. This perovskite compound as well as other familiar perovskites, were 

found that they could achieve impressive dielectric constants (ratio of the amount of stored 

electrical energy when a potential is applied, relative to the permittivity of a vacuum). Such 

compounds brought light in the expertise of energy and technology. They could be used to 
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temporarily store energy in electric components called capacitors and supercapacitors. More 

research on perovskites ensued, more specifically focusing on organic-inorganic halide 

perovskites.  

 

Weber, in 1978 reported on the structure and physical properties of methylammonium lead halide 

CH3NH3PbX3 (X represents Cl, Br, I) perovskites [43, 44], which attracted more research interests 

on the field of perovskites. Weber reported the CH3NH3PbX3 to exhibit a cubic perovskite structure 

which has unit cell values of a = 5,68 A when chlorine was used in the site of halogen, a = 5,92 A 

when the site of halogen was occupied by bromine and a = 6,27 A when iodine occupied the 

halogen site [44]. The unit cell increased as the size of the halogen atom was increased. The 

compounds were reported to show intense color, however there was no significant conductivity 

under normal “p-resonance-bonding”. CH3NH3PbCl3 perovskite is an option to the conclusions 

they got. Weber’s work had been motivated by the research that was done by Wells and 

collaborators in 1893 [45]. This group were the first to report on halide-based perovskites. Their 

investigations were done on (CsPbX3) where X = Cl, Br or I, and Cs4PbX6 where X = Cl or Br. 

Wells found that CsPbCl3 and CsPbBr3 have the perovskite structure ABX3, and they are also 

tetragonally or mono-clinically distorted structure at room temperature [45]. Structural and 

optoelectronic characterization showed that both  CsPbCl3 and CsPbBr3 are photoluminescence 

active. Moreover, composition of these compounds is strongly dependent on temperature and  

demonstrated a self-trapping behavior [46, 47].  
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Lead halide perovskites then became the object of focus in the field of perovskites, such that more 

interesting advancements were reported, and they became a promising candidate as an absorbing 

material in photovoltaic cells. Kojima et al. [48] studied two methylammonium-lead halide 

perovskite nano-materials, which are CH3NH3PbBr3 and CH3NH3PbI3. These perovskites were 

found to efficiently modify TiO2, by sensitizing it for converting visible-light when applied in 

photoelectrochemical cells [48]. The group assembled the nanocrystalline perovskites on TiO2 

films and found that the perovskite materials exhibit good band-gap absorptions relative to 

semiconductors. In addition, the CH3NH3PbI3-based photocell they fabricated recorded 3.8% PCE.  

 

Kulkarni et al. [49] demonstrated tuning of energy band-gap of mixed-anion methylammonium 

lead halide perovskites. They varied concentration of iodine to bromine in the perovskite structure 

to obtain series of mixed halogen lead-based perovskites. The group successfully synthesized 

MAPb(I1-xBrx)2 where the value of x was engineered to be between 0 and 1, by making use of 

sequential deposition synthesis method. They established that the optical properties of perovskite 

hybrids can be readily changed by altering or mixing the halogen precursor’s concentration. They 

observed that the band gap of perovskites is largely influenced by the concentrations of precursor 

solutions and the conversion time of the precursor solutions. The absorption band edge shifted to 

longer wavelengths as the iodine concentration was increased in the perovskite film. Perovskite 

films with iodide to bromine ratio of greater than 0.7 were observed to adopt nanorod like 

morphological features. 

 

http://etd.uwc.ac.za/



31 
 

Recent studies on mixed-halide hybrid perovskites have provided more insight into the effect of 

mixing halides in the crystal structure [50, 51]. Critical studies on the photo-induced halide 

segregation in mixed halide perovskites has contributed significantly in understanding these 

materials, which has brought great potential in the production of wide-band-gap light absorber 

materials for tandem solar cells [52, 53]. These materials display abilities of significantly high 

efficiency [54] and scalability [55] while production and running costs are kept low [56]. 

 

Tidhar et al. [57] investigated parameters that are significant for crystallization of CH3NH3PbI3 

and CH3NH3PbBr3 perovskites when they are applied in solar cells. The investigation revealed that 

when PbCl2 was added to the perovskite precursor solutions, the end-product is affected. The 

explanation to this comes from the presence of PbCl2 nanocrystals during the fabrication process, 

which become heterogeneous nucleation sites when perovskite crystals form from the solution. 

This conclusion was drawn from SEM and cryo-TEM studies, which focused on synthesis of single 

perovskite crystals as well as the frozen perovskite precursor respectively. Also included in this 

study, was the effect of different temperatures and substrates on the process of perovskite 

nucleation. The power conversion efficiency of lead bromide perovskites was improved, resulting 

in 5.4% efficiency while open current voltage (Voc ) recorded 1.24 V [57].  

 

Since lead is a toxic metal, Perovskite research started to move towards finding an alternative 

metal to lead. Borriello et al. [58] were the first researchers to investigate the photovoltaic 

properties of tin halide perovskites. They became the first to propose that tin halide perovskite 

could be used as photovoltaic. Calculations based on first-principles were performed on ASnX3 
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perovskite crystals where A represents cesium, methylammonium and formamidinium cations and 

X represents chlorine and iodine. These calculations probed the perovskites’ structural and 

electronic properties with different structural phases. The group reported that the structure of the 

inorganic cations plays a significant role in describing electronic properties of tin-halide 

perovskite. They showed that the stability against the distortion of the perovskite’s cage strongly 

depends on the embedded A-site cation. The electronic properties of tin halide perovskites exhibit 

a band gap, that is tunable through a suitable choice of organic molecule with suitable ionic radius, 

as was established from their research on these materials. 

 

Tin based materials were reported to be unstable and very much air sensitive which is an attribute 

associated with the use of tin. Liao et al. [59] deposited pure mixed tin-lead thin-films and 

fabricated photovoltaic cells of based on Sn-Pb tin films that had sufficiently low bandgap. For a 

change, the new precursor was a combination of FASnI3 and MAPbI3 precursors, as means to 

produce non-toxic perovskites by taking the advantage of the reported success on fabricating 

efficient Pb-free Sn photovoltaic solar cells and Pb-based photovoltaic cells. The molar ratio of 

the precursors of MAPbI3 to FASnI3 was carefully controlled through the molar ratio. The best-

performing solar cell was fabricated from molar ratio 3:2 of formamidinium tin iodide precursor 

to methylammonium lead iodide precursor. This light absorber gave the lowest bandgap of 

approximately 1.2 eV [59]. 

 

To stabilize the air sensitive tin, Nagane et al. [60], fabricated and characterized non-toxic 

perovskites based on tin and germanium precursors, CH3NH3Sn(1−x) GexI3 where x was restricted 
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to between 0 and 1. These compounds were found to possess band gaps that range from 1.3 to 2.0 

eV, which makes them suitable contenders for optoelectronic applications, which include single 

junction solar cell devices and light-emitting diodes. They found that the thermodynamic stability 

and electronic properties of these materials calculated for all compositions and agree well with 

previously done experiments. These findings confirmed the possibility of a family of non-toxic 

perovskite semiconductors with suitable band-gaps for use in single-junction solar cells [60].  

 

Chung et al. [61] became the first to dope CsSnI3 with SnF2 and used in dye photovoltaic cells as 

the hole transport material (HTM). The idea was further developed by adding the SnF2 into the 

CsSnI3 precursor solution in dimethyl sulfoxide (DMSO). The optimum concentration of SnF2 was 

found to be 20% to form a good mixture with CsSnI3 and produce a film with complete coverage 

on mesoporous TiO2 (m-TiO2). It is of significance to note that SnF2 does not get integrated into 

the lattice to distort the local environment. XRD patterns indicated that the addition of SnF2 

eliminated the emergence of yellow non-perovskite multiform of CsSnI3. The major role played 

by SnF2 is to reduce the high carrier density of CsSnI3, with holes, as the majority carriers [62]. 

However, some severe charge losses still take place when tin fluoride is used probably through 

monomolecular recombination with trapped charge due to high background carrier density.  

 

Formamidinium (FA) became a common candidate at A site cation in organic-inorganic 

perovskites for solar cell application. Eperon et al. [63] conducted a research on formamidinium 

based perovskites. From this research, it was established that formamidinium based perovskites 

have an improved stability in air which makes them more favorable for solar cell application over 
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methylammonium based perovskites. Koh et al. [64] further demonstrated FASnI3 perovskite solar 

cell with low bandgap of 1.41 eV and achieved a maximum photocurrent density of approximately 

30 mA/cm2. The group indicated a PCE of 2.10% upon including SnF2 in the synthetic steps of 

these tin halide perovskites. 

 

Zhao et al. [65] synthesized mixed-organic-cation perovskites that are tin-based and subsequently 

characterized them. In their work, formamidinium and methylammonium organic cations were 

used at various molar ratios to formulate (FA)x(MA)1−xSnI3 where FA represents formamidinium 

cation and MA represents methylammonium cation. The perovskites were investigated for use as 

perovskite solar cells (PSCs) that are lead-free. By optimizing the ratio of Formamidinium (FA) 

and Methylammonium (MA) cations, a maximum PCE of 8.12% was attained from solar cell 

device fabricated from 3:1 formamidinium to methylammonium cations mole ratio, which also 

recorded an impressive Voc of 0.61 V, attributed to improved morphology of the perovskite film 

which helps inhibit the process of recombination in the solar device. The combination of these 

cations seems to be a better approach for efficiency enhancing of tin-based photovoltaic cells, since 

this approach produced a better efficiency than when single cations were used [65].  

 

Yi et al. recently reported on optimal ratios of formamidinum (FA) and Cesium (Cs) ions as A-

site cations while X-halogen site was also varied that led to a very good PCE in the fabricated solar 

cells [66]. The perovskite composed of Cs0.2FA0.8PbI2.84Br0.16 in which the fabricated hybrid 

perovskite solar cells were reported to yield average of over 17% PCE with negligible hysteresis 

and very good stability in ambient air. Stabilization of this perovskite was attributed to mixing of 
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A-site cations, which stems from entropic gains and small internal energy input needed for 

formation of their solution in solid phase.  

 

Lead perovskites that incorporate mixed cations and mixed halides have consistently improved the 

efficiency of perovskite solar cells, reaching efficiency of close to 30% in multijunction devices 

when used together with silicon cells at no surcharge [66, 67]. These perovskites were found to 

demonstrate efficient color tunability, which opened new avenues for high purity perovskite 

emitters  in many applications including generation of light. 

 

The approach of improving efficiencies in perovskite solar cells through mixing of cations 

motivated Saliba et al. to embed small and oxidation-stable Rhubidium cation (Rb+) into cation 

cascade to form perovskite material with excellent properties [68].  This material has composition 

of rhubidium, cesium, methylammonium and formamidinium cations respectively, RbCsMAFA. 

This novel perovskite achieved stabilized average efficiency of 20.2 % as well as an 

electroluminescence of 3.8% when device architecture of structure: glass/ fluorine-doped tin 

oxide/compact TiO2/mesoporous TiO2/perovskite/spiro-OMeTAD/Au was used [69]. For 

example, Cs/FA mixture suppresses halide segregation, which consequently favors band gaps for 

perovskite tandems [70, 71]. Moreover, open-circuit voltage of 1.24 V at a band gap of 1.63 eV 

was achieved that  leads to a loss in potential of 0.39 volts, which shows better performance when 

compared to 0.4 V loss in potential exhibited by commercial silicon cells [68]. Cs/MA/FA-based 

photovoltaic cells are more thermally stable and more reproducible with respect to mixtures of 

MA/FA [72-74]. 
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Billstrand et al. recently reported on a new solution-based method of synthesis of perovskites. This 

method produced colloidal Cs4PbBr6 perovskite particles that are stable in atmosphere, exhibit 

high luminescence properties and have high efficiency [75]. Zhang et al. introduced the use of 

ZnO materials as an alternative to TiO2 electron transporting material. It was reported that ZnO 

share similar physical properties with TiO2, but with much higher electron mobility, which makes 

it better electron transport material relative to commonly used TiO2 [76]. Mahmood et al. further 

reported on a viable electrospinning route for the development of highly porous Indium-doped 

ZnO nanofibers as ETM in perovskite solar cells. This research produced highly efficient and 

hysteresis-free solar cells, which recorded 17.18% PCE [77]. 

 

Qingde et al. reported on a class of led-free chalcogenide double perovskites A2M(III)M(V)X6 

where A is Ca2+, Sr2+, Ba2+; M(III) is Bi3+ or Sb+; M(V) is V5+, Nb5+, Ta5+; X is S2-, Se2- [78]. The 

study focused on stability, electronic and optical properties, in which nine double chalcogenide 

perovskites were found to be stable with superior optoelectronic properties i.e. quasi-direct band 

gaps and balanced electron and hole effective masses. This is due to strong antibonding character 

at conduction band minimum and valence band maximum. However, these compounds were found 

to be thermodynamically unstable, indicating difficulty of formation of thin film phase [78]. 

 

Kim et al. synthesized polymer-stabilized CsPbBr3 perovskite nanoparticles using ammonium 

bromide-functionalized polymers, which worked as both bromide precursors and stabilizing 

ligands [79].   This research found that the polymer-passivated perovskite nanoparticles have better 
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performance relative to conventional perovskite nanoparticles owing to enhanced optoelectronic 

stability as a result of their facile dispersion  in polymer matrices [79]. 

 

Opaque paper with smooth surface has been developed and used as a conducting substrate for 

preparation of perovskite solar cells [80-84]. Gao et al. fabricated PSCs on Nanocellulose paper 

(NCP), which recorded PCE of 4.25%, Voc of 0.69 V,  Jsc of 17.46 mA cm-2, and  FF of 34.65% 

with no hysteresis [85]. NCP exhibits excellent features for optoelectronic devices such as 

mechanical strength, chemical and thermal stability [85]. Further work still needs to be done to 

improve performance of this wonderful invention.   

 

 

Perovskites have already found their practical applications. In addition to capacitors, some 

perovskites have already been applied in piezoelectric devices, which are electrical components 

that produce a voltage when mechanical pressure is applied on them; conversely, when a magnetic 

field is applied on them, they change in dimension [86]. Piezoelectric perovskite ceramics have a 

wide application in optoelectronic products, which include devices for communication, timing 

devices that are crystal-controlled, pressure gauges, transducers, accelerometers and buzzers. 

Interestingly, environmental scientists are investigating the use of perovskites as materials that can 

encapsulate radioactive waste compounds safely.  
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2.4 Methods adopted in the synthesis of perovskites 

 

The main methods that are used to synthesize perovskites are; solid state methods [87], gaseous 

phase preparations [88] and wet chemical methods (solution preparation) [89]. The adopted 

method to synthesize perovskites in this research is the sol-gel method which is a wet chemical 

method [90, 91]. Wet chemical methods have advantages over the other methods, which include 

lower temperature compared to the solid-state reactions, better homogeneity, greater flexibility in 

forming thin-films, improved reactivity and new compositions and better control of stoichiometry, 

particle size and purity. 

 

Sol-gel method 

 

Sol-gel method of synthesis is a very common wet chemical technique employed in the fabrication 

of ceramic and glassy materials. The sol-gel is a process whereby nanoscale particles are made to 

settle from a colloidal suspension; resulting in ceramic or glassy materials. In this method, the 

solution (sol) gradually forms a network of both liquid and solid phase, which is followed by 

incomplete evaporation of the solvent, which could be through introduction of an initiator, 

resulting in the formation of the semi-solid, which is subsequently heated at elevated temperatures 

to yield the final product (solid) [92-94]. This is a cheap method that allows the fine control of the 

parameters of the product including size, composition and shape. Figure 2.2 shows a schematic 

diagram for process of sol-gel formation used to synthesize ceramic perovskite materials. 
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Figure 2.2: Schematic diagram of sol-gel method for the synthesis of ceramic perovskites. 

 

2.5 Photovoltaic cell (PVC) device 

 

These are solar cells that produce electric power through the conversion of solar energy into a 

stream of electrons through a process called photovoltaic effect. Current photovoltaic cell 

technology involves producing third generation devices that are less than 1µm thick [95]. 

Photovoltaic cells constructed on organic-inorganic hybrid perovskites, i.e. methylammonium lead 

halide perovskites have shown to be the most promising alternative. Perovskite photovoltaic cells 

have progressed rapidly in research over the past years. The general cell structure comprises a 

metal back contact, which is usually Al, Au or Ag, a hole transport material (organic or inorganic), 

perovskite layer as the light absorbing material, electron transport material (organic or inorganic) 

and a top contact layer (usually tin oxide doped with fluorine or indium oxide doped with tin). 

This device architecture is called planar heterojunction, and it is the most common in perovskite 

research. Correct engineering of the various device layers favors charge transport and collection 
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hence leading to good efficiencies. A schematic for planar device configuration is shown in figure 

2.3. 

 

  

 

 

 

 

 

 

Figure 2.3: Solar cell schematic for planar device configuration. 

 

Performance of organic-inorganic metal halide perovskites seems not to be limited to any specific 

device architecture [96]. Salim et al. presented inevitable comparison between mesoscopic and 

planar solar cells whereby both architectures had comparable performances [96]. Film morphology 

is the main factor that influences device performance [97]. It is therefore of paramount importance 

to make good choice of deposition method, include additives to aid film treatment and minimize 

material composition.  To obtain good-quality film morphology and hence good device 

performance,  it is essential to lower the energy barrier for nucleation and to promote uniform 

growth of the perovskite crystals [98, 99]. 
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Leijtens et al. compared the electronic properties of both planar and mesoscopic cell architectures 

and found that perovskite films from the planar device exhibited superiority in terms of charge 

carrier mobility (>20 cm2 V-1 s-1) [100]. However, solar cells prepared from planar architecture 

suffered from photovoltage loss, which was explained to be due to the high density of trap states 

in this configuration, resulting in high non-radiative electron-hole recombination [100]. Planar 

device architecture is very simple to construct, which makes it more technologically viable over 

mesoscopic architecture [101]. 

 

Snaith’s group reported a perovskite cell device architecture that adopted planar heterojunction 

structure which included layers of FTO/TiO2/MAPbI2Cl/Spiro-OMeTAD/Ag. The device 

designed from this architecture managed to reach a power conversion efficiency of 1.8% [102]. 

Thereafter, the group optimized process conditions by preparing a succession of photovoltaic cells 

adopting the planar heterojunction structure, which recorded a maximum power conversion 

efficiency of 15.7%, open circuit voltage of 1.03V and fill factor of 0.749 [103, 104]. 

 

Shi et al. reported on inverted planar  solar cell structure whereby the structure included indium 

tin oxide, poly-triarylamine, perovskite, phenyl-C61-butyric acid methyl ester, titanium and gold 

respectively, ITO/PTAA/MAPbI3/PCBM/Ti/Au [105]. Previous work highlighted the importance 

in monitoring band alignments of the different layers to favor charge transport and collection in 

the device [106]. Efficiency of 18.21% was achieved when this device architecture was used. 
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More researchers on perovskite solar cells prefer to use planar device architecture that includes 

FTO glass, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), perovskite, 

PCBM and aluminium [107]. This architecture was chosen to fabricate solar cells from this 

research. This solar cell structure is favorable since it produces little cell-to-cell variability, shows 

hysteresis-free photovoltaic response [108]. Careful characterization coupled with modeling 

attribute the improved device performance to reduced defects from bulk and improved mobility of 

charge carrier in large-grain devices [109]. 

  

Studied the impact of strain on carrier dynamics and device performance using planar 

heterojunction solar cells ITO/SnO2/perovskite/Spiro-OMeTAD/Ag [110].They compared J-V 

curves of tensile strained against strain-free devices, in which they observed significant 

improvement in FF and Voc amongst strain-engineered devices. This is due to improved carrier 

extraction dynamics around absorber interface[111-113].   

 

Hole transport layer 

In device architecture of photovoltaic cells, the role of the hole transport layer (HTL) is to assemble 

and transport electron holes from the perovskite light absorber which helps promote disunion of 

electron-hole pairs of the perovskite, in co-junction with the role played by the electron transport 

layer (ETL). Materials used as hole transporters can be divided into organic and inorganic 

materials. Organic materials, e.g. poly(3,4 ethylene dioxythiophene) polystyrene sulfonate, 

abbreviated as PEDOT:PSS and 2,2’,7,7’-tetrakis[N,N-di(4-methoxyphenyl) amino]-9,9’-

spirobifluorene abbreviated as spiro-OMeTAD are usually preferred because of their desirably 
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good penetration in nanoscale perovskites, making them good matches with the valence band of 

perovskites [114]. Figure 2.4 shows the structure of PEDOT:PSS. 

 

 

 

 

 

 

Figure 2.4: Structure of PEDOT:PSS. 

 

Electron transport layer 

The role of the electron transport layer in PVC is to establish an electron-selective barrier with the 

light absorber (perovskite), which helps promote photo generated electron extraction. Organic 

electron transport materials, i.e. poly[9,9-dioctylfluorene-9,9- bis(N,N-dimethyl-propyl)fluorene], 

abbreviated as PFN and is one of the fullerene derivatives and  6, 6-phenyl-C61-butyric acid 

methyl ester abbreviated as PCBM were found to collect electrons better than the widely used TiO2 

[117]. Figure 2.5 shows the structure of PCBM. 

 

http://etd.uwc.ac.za/



44 
 

 

 

Figure 2.5: Structure of PCBM. 

 

2.6 Characterization techniques and working principles 

 

2.6 Photophysical characterization 

2.6.1 High Resolution Scanning Electron Microscopy (HR SEM) 

HR SEM is a characterization technique used to study the morphology and surface characteristics 

of nanomaterials. This technique focuses on the sample’s surface and its composition, without 

providing the details about internal composition. This characterization technique provides a 3-

dimensional image of the sample that is analyzed. HR SEM is a very useful technique; giving 

information to characterize perovskites and has one of the most common characterization 

techniques in the area of perovskites. Working principle is based on scattered electrons.The 

working principle involves a flow of primary electrons ejected from an electron gun that are 
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accelerated through the use of a grid and an anode. These accelerated electrons are directed and 

focused by condensing lenses and a scanning coil. The electron beam is made to be incident on the 

sample. Since the primary electrons have a high speed, they produce secondary electrons that bear 

low energy upon falling over the sample. The secondary electrons are collected and in turn produce 

some radiations on to photo multiplier tube which converts them into signals [93].These signals 

are further intensified by the video amplifier and are fed to a screen for output. The final picture is 

created on the screen as the sample is scanned with the electron beam.  

 

 

 

 

 

  

 

 

 

 

 

 

Figure 2.6: Schematic diagram of HR SEM. 
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2.6.2 High Resolution Transmission Electron Microscopy (HR TEM) 

 

HR TEM is an analytical technique used to characterize nanoscale materials that operates on the 

same working principle as the light microscope. The difference however is that HR TEM uses 

electrons as the “light source” which makes it possible for this instrument to obtain a resolution 

gives a quality approximately one thousand times better than what a light microscope can give. 

This microscope has an electron source mounted at the top that emits electrons that are sent down 

the column of the microscope through vacuum [102]. The electrons are focused into a very thin 

beam that penetrates through the specimen under investigation by electromagnetic lenses. Some 

of the electrons are dispersed and dissociate from the beam, depending on the density of the 

material present. The un-scattered electrons hit against a fluorescent screen, which gives a “shadow 

image” of the specimen. This image will display various parts of the specimen, whereby varying 

density is showed according to darkness [103]. 

 

2.6.3 X-ray Diffraction (XRD) 

 

XRD is a characterization technique that can be used for the phase identification and the relative 

percentages of different phases of the prepared materials. In addition, structural parameters like 

average spacing between rows or layers of atoms, orientation exhibited by a grain or single crystal, 

crystal structure a material has, shape and size a material has, and small crystalline regions’ internal 

stress can be calculated from the XRD data. Working principle of X-ray Diffraction is based on 

the interaction between crystalline sample and monochromatic X-rays, whereby constructive 
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interference forms. These high energy rays are then filtered to produce a monochromatic radiation 

which is concentrated and directed to fall on the sample.  

 

When the incident rays interact with the sample, a constructive interference and a diffracted ray 

are produced if the conditions satisfy Bragg’s law [104]. Bragg’s law explains the relationship the 

electromagnetic radiation wavelength has with the lattice spacing and the diffraction angle in a 

crystalline sample. The major information is formed by the diffracted X-rays, which are then 

captured, processed and tallied. Scanning of the sample is done through a scale of 2θ angles. The 

random orientation of the powder material makes possible to attain all possible diffraction 

directions. The diffraction peaks are then converted to d-spacing, allowing the characterization of 

the material since all materials have a unique d-spacing [114]. Figure 2.7 shows a schematic 

diagram of XRD procedure. 

 

Figure 2.7: Schematic diagram of X-ray Diffraction [115].  
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The diffracted beam provides information about the d-spacing by applying Bragg’s law given by: 

 

nλ = 2d sinϴ                                                                                    (2) 

where n represents integer, λ represents the wavelength of incident wave, d represents the average 

distance between planes of the atomic lattice and ϴ represents the angle between the scattering 

planes and incident ray. 

 

2.6.4 Brunauer-Emmett-Teller (BET) 

 

BET is a characterization technique that uses the principle of surface area values of different 

materials by adsorption of adsorbate (usually nitrogen gas) on an adsorbent. The BET theory 

explains the phenomenon of physical adsorption when molecules of gases interact with a solid 

substrate, hence measures the specific surface area of materials. The theory applies to systems that 

allow multilayer adsorption and usually employ probing gases that are unreactive with surfaces of 

the material as adsorbates to measure specific surface area [116, 117]. Figure 2.8 shows a BET 

model of a multilayer adsorption. 

 

 

 

 

http://etd.uwc.ac.za/



49 
 

adsorbate 

 

 

 

 

  

  

 

Figure 2.8: (a) BET model of single layer adsorption, (b) BET model of a multilayer adsorption. 

 

The general BET equation for gas adsorption may be expressed as follows: 

 

ν = νmcp/ (p0 - p) [1 + (c-1) (p/ p0)]                                    (3) 

where ν represents the adsorbed volume of gas, νm is the volume of adsorbed monolayer, p 

represents the equilibrium gas pressure, p0 represents saturation pressure and c is the BET constant. 

 

The same equation can be written as a linear function of p/p0 as: 

 

1/ v [(p/ p0) - 1] = [c-1/ νmc] [p/ p0] + 1/ νmc                              (4) 

 

sample surface sample surface 

(a) (b) 
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The y-intercept and slope of this function used to obtain values for the constants, where c = (slope/ 

intercept +1) and νm = (1/ (slope + intercept). To determine the specific surface area (S), the 

following equation is used: 

 

S = νmNA/ 22,400 × m                                                               (5) 

 

where m is the mass of the sample and NA is the Avogadro’s number and 22,400 represents the 

value for volume of one mole of gaseous compound at standard temperature and pressure (STP). 

The surface area is given in units of area/ mass (e.g., m2/g), which can further be simply converted 

to a volume-specific surface area when multiplied by the density of the material [118]. 

 

2.6.5 Ultraviolet-Visible (UV-Vis) spectroscopy 

 

Ultraviolet-Visible spectroscopy is performed to analyze the light absorption of the perovskites. 

In perovskite solar cells, efficiency in light absorption by the absorber material is the major factor 

determining if the solar cell will work or not, UV-Vis is therefore of great importance. In this  

technique, light is illuminated onto the sample, which causes an electron to be excited 

corresponding to the difference in energy between an electronic transition happening inside the 

molecules, e.g. transition from bonding to anti-bonding orbital. As light is absorbed, a graph of the 

absorption of the sample is shown over range of wavelength selected. This principle adheres to 

Beer-Lambert law, whereby the rate of decrease of intensity of radiation and the incident radiation 
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of the sample solution are proportional when monochromatic light is made to pass through the 

solution [119]. 

 

Beer-Lambert law: 

A = log (I0/ I) = ECL                                                                              (6) 

 

where I0 represents the intensity of light incident upon contact with sample cell, I is the intensity 

of light exiting sample cell, C represents the molar concentration of the solute, L represents the 

length of sample (in cm), and E represents the molar absorptivity. The wavelengths of the 

absorption peaks will give information if the material will harvest more light energy or not, i.e. it 

is more desirable for absorbing materials to absorb in wider wavelengths, from visible to near 

infrared for solar cells. Figure 2.9 shows a schematic diagram for a typical UV-Vis instrument. 
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Figure 2.9: A typical schematic diagram of UV-Vis instrument. 

 

Optical band-gap 

 

Optical band-gap refers to the range in energy of a solid where no electron states can practically 

be found. Energy band gap is the energy difference in electron volts (eV) between the energy the 

valence band and that of the conduction band of insulating and semiconducting materials. 

Alternatively, the band-gap could also be described as the energy needed to promote a valence 

electron in an atom and cause it to jump to the conduction band, where it gains freedom to move 

within the crystal lattice and carry charge to conduct electrical energy. Information from the UV-

Vis absorption peak of a material can be used to calculate the energy band gap as follows: [120] 
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Eg = hc/ λcut off                                                                       (7) 

 

where Eg is energy band gap, h is Planck’s constant and λcut off is the cut off wavelength obtained 

from the UV-Vis spectrum. 

 

2.6.6 Photoluminescence (PL) spectroscopy 

 

PL is a characterization technique that targets the emission of light from any form of matter that 

results from the absorption of light or electromagnetic radiation of suitable wavelength. Light 

emission is triggered by photoexcitation whereby photons cause electrons to be excited to an 

elevated energy level in an atom. After electron excitation, dissimilar relaxation processes 

generally occur in which photons are re-radiated as the electron returns to ground state. PL is hence 

an important technique for measuring the crystalline quality and purity of semiconductors and for 

measurement of the amount of disorder a system has [121, 122]. 
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Figure 2.10: Schematic diagram of PL setup. 

 

2.6.7 Fourier Transform Infrared (FTIR) spectroscopy  

 

FTIR is technique used to identify organic molecules present in a sample, however in some cases 

it can also identify inorganic molecules. This analytical technique is used to measure fourier 

transform infrared radiation absorbed by the sample against wavelength when infrared radiation is 

made to collide with the sample. The infrared absorption bands are characteristic to molecular 

components and structures of the sample; giving identification information of the sample. When a 

material is hit with infrared radiation, some of infrared radiation is absorbed and will cause 
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molecules to be excited to an elevated vibrational state. In turn, the sample absorbs wavelengths 

that are characteristic of its molecular structure, thereby giving information about the molecular 

constituents and structure of the sample. FTIR instrumentation is composed of an interferometer 

that functions to regulate the wavelength from a source of broadband infrared. It also includes a 

detector which quantifies the intensity of transmitted light relative to its wavelength. The signal 

given by the detector is an interferogram, that is processed in a computer using Fourier transforms 

to acquire a single-beam infrared spectrum which shows absorption bands of functional groups 

present in the sample [117]. This information will then give identification of the sample. Figure 

2.11 shows schematic diagram of FTIR. 

 

  

 

 

 

 

 

 

 

 

                                                                                                                    

 

Figure 2.11: Schematic diagram of FTIR. 
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2.6.8 Raman spectroscopy 

 

This is a characterization technique commonly used to get information on rotational and 

vibrational modes, as well as other low-frequency modes present in a system [123]. In Chemistry, 

Raman spectroscopy is useful by giving a structural fingerprint that helps in the identification of 

molecules. The principle of the spectrometer is based on interaction laser light has with molecular 

vibrations and other excitations that may be in the system, which results in a shift up or down of 

the energy of the laser photons. This shift in energy provides information about the vibrational 

modes that the system has [124]. A schematic diagram of the Raman spectrometer process is shown 

in figure 2.12. 
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Figure 2.12: Schematic diagram of Raman spectrometer. 

 

2.6.9 Thermogravimetric Analysis (TGA) 

 

TGA quantifies the amount of change in weight in a material, which is either a result of increase 

in temperature, or is a function of time, under nitrogen conditions or alternatively in helium or 

other gas atmosphere, or in vacuum. This technique gives information about physical phenomena, 

such as absorption, desorption and phase transitions. In addition, it also provides information about 

chemical phenomena such as chemisorption, solid-gas reactions most importantly reduction or 
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oxidation and thermal decomposition [125]. A thermogravimetric analyzer is composed of a 

precision balance fitted with a sample pan positioned inside a furnace where control temperature 

is programmed. In TGA experiment, temperature is raised gradually at constant rate, while in some 

applications the temperature is regulated against constant change in mass to experience a thermal 

reaction [126]. 

 

2.6.10 Nuclear Magnetic Resonance (NMR)  

 

NMR is a spectroscopic technique used to study interaction between atomic nuclei and local 

magnetic fields. It is a very powerful and common technique scientists use to characterize organic 

samples. The organic sample is placed in a magnetic field region. This experiment makes use of 

radio waves which cause the nuclei of the sample to get excited into nuclear magnetic resonance 

(NMR) from which a signal is generated and is further detected by highly sensitive radio receivers. 

To characterize the sample; the knowledge that the resonance frequency is changed by 

intramolecular magnetic field surrounding an atom is exploited, whereby details of the electronic 

structure of a molecule are revealed and finally give the individual functional groups in the sample. 

The principle behind NMR is that all nuclei have an electrical charge while many nuclei have spin. 

Energy transfer takes place from the lower energy to elevated energy level as the sample is exposed 

to conditions of external magnetic field. Transfer in energy takes place at a wavelength 

corresponding to radio frequencies and when the spin comes back to its ground state level, energy 

is given off at the same frequency. The signal corresponding to this transfer is measured in many 
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steps and processed further to give an NMR spectrum for the nucleus concerned. Figure 2.13 

represents a schematic diagram for NMR. 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 2.13: A simplified schematic diagram for NMR.  
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Electrochemical characterization 

 

2.6.11 Cyclic Voltammetry (CV)  

 

Cyclic Voltammetry experiment involves linear ramping of the working electrode potential against 

time. CV experiment, once the set potential is achieved, the working potential is ramped going the 

opposite direction until the initial potential is reached, unlike in linear sweep voltammetry 

experiment where the potential is ramped from lower limit to upper limit only. In CV, a plot of the 

current recorded at the working electrode against the applied voltage makes the cyclic 

voltammogram. Cyclic Voltammetry is generally made useful in studies of electrochemical 

properties exhibited by an analyte in solution or of a molecule when it is adsorbed onto the working 

electrode [127]. 

 

Electrochemical band gap 

 

Cyclic Voltammetry helps us to determine the peak oxidation potential (Vox), and the peak 

reduction potential (Vred), of the material under investigation [128]. Electrochemical band gap is 

based on the principle of the difference between the sample’s highest occupied molecular orbital 

(HOMO) and its lowest unoccupied molecular orbital (LUMO). When a molecule or material is 

oxidized, the first electron is ejected from the HOMO (or valence band). When the molecule or 

material is reduced, an electron is injected into the conductance band which is assumed to be the 
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LUMO, thus, Vox gives information about the energy at HOMO (valence band) while Vred gives 

information about the energy at LUMO (conductance band). The energy band-gap (in electron 

volts) is merely the difference between the oxidation and reduction potentials (in volts) when 

multiplied by the charge of an electron: e = (-1 eV/ V) [129]. 

 

Eg (eV) = -e (Vox - Vred)                                                                             (8) 

 

2.6.12 Square Wave Voltammetry (SWV) 

 

Square Wave Voltammetry is a form of linear sweep voltammetry which uses a combined square 

wave while the working electrode is subjected to staircase potential [130]. In a square wave 

voltammetry experiment, current at a working electrode is recorded while linearly scanning the 

voltage between reference and working electrodes overtime. Two pulses of the current are 

sampled; one pulse at the end of the forward scan and the other pulse at the end of the reverse scan. 

This current sampling at two points results in two different current waveforms collected. When 

the waveforms are viewed in segregation, the forward current waveform as well as the reverse 

current waveform imitate the emergence of a cyclic voltammogram, which represents both the 

cathodic and anodic halves. 
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2.6.13 Electrochemical Impedance Spectroscopy (EIS) 

 

EIS can be used to separate processes occurring with different characteristic time scales in solar 

cells, which include capacitance, carrier conductivity and recombination resistance. 

Electrochemical impedance refers to the response shown by an electrochemical system when a 

potential is applied. Impedance spectroscopy’s frequency dependence unveils underlying 

electrochemical processes. EIS characterizes a chemical process under electrical quantifications 

by exploiting Faraday’s law. EIS response of a system is usually presented in Nyquist format, 

where the reactance is upturned since these systems have a capacitive behavior. A typical EIS 

setup is shown in figure 2.14. 

 

 

Figure 2.14: Schematic diagram of the experimental setup for EIS [131]. 
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2.6.14 J-V curve 

 

Device performance of a solar cell is determined from J-V curve, where J is current density (in A/ 

cm2) and V is voltage (in Volts). Sometimes, Current (I)-Voltage (V) curve is used but the same 

conclusion of results is expected from both curves. In solar cells, the J-V curve is given by the 

superposition of the J-V curve of the photovoltaic cell diode in the dark with the current generated 

by light [132]. Under normal circumstances, exposure of the solar cell to light shifts down the J-V 

curve from the first to the fourth quadrant from where substantial power can be extracted from the 

diode. A typical J-V curve is shown in figure 2.15 below. 

 

 

 

 

 

 

 

 

 

Figure 2.15: Typical J-V curve of solar cells [132]. 

 

http://etd.uwc.ac.za/



64 
 

Power conversion efficiency (PCE) 

 

In photovoltaic cells, the PCE refers to the energy from sunlight that can be transfigured via 

photovoltaic effect into electricity. The PCE (η) is described as the ratio of the maximum output 

power (Pmax) to the irradiation intensity [133, 134]. Generally, the method that is followed to 

determine the PCE of a solar cell is to quantify the photocurrent by ramping the bias potential. The 

results obtained are plotted as current density versus voltage; represented as (J-V) curve [135]. A 

higher PCE is given by an increase in the Voc, Jsc and FF with a decrease in Pin at the same time 

[136].  

  

Equation (9) below is used to calculate the PCE: 

η = Pmax/ Pin = FF × Jsc × Voc/ Pin                      (9) 

 

where Voc represents open circuit voltage, Jsc represents short circuit current density, FF represents 

fill factor (measure of squareness of the curve) and Pin represents the incident power.  
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CHAPTER 3 

 

EXPERIMENTAL PROCEDURES 

 

Sol-gel method of nanoparticles synthesis has been used in all the perovskite materials synthesized 

in this research. The advantages of this technique include that it is cheap, uses lower temperatures 

and most importantly the product can be achieved as both bulk and thin (nano-scale) powders. The 

name “sol-gel” is derived from co-joining “sol” and “gel”. The name “sol” refers to a colloidal, in 

which the dispersed phase is so minute that gravitational forces are practically inapplicable, but 

only some surface charges exist including Van Der Waals forces. It can also be described as the 

molecular suspension of solid particles of the sample ions existing in a solvent. A “gel” may be 

described as a semi-rigid mass that results from evaporation of solvent from sol, leaving behind 

ions that unify in a continuous network.  

 

(i) SOCTPs 

3.1 Chemical synthesis of [CH3CH2NH3]SnI3 perovskite 

 

3.1.1 Chemicals  

Ethylammonium iodide (98%, Sigma-Aldrich), tin (II) iodide (anhydrous, 99.99%, Sigma-

Aldrich), tin (II) fluoride (99%, Sigma-Aldrich), N,N dimethylformamide (DMF, anhydrous, 

99.5%, Sigma-Aldrich), ethanol (70%, Sigma-Aldrich).  
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3.1.2 Experimental procedure 

The method used to synthesize this perovskite was modified from procedure used by Gruel et al. 

[1]. In a 25 mL round bottomed flask, 173 mg ethylammonium iodide perovskite precursor was 

reacted with 372 mg SnI2 and 16 mg of SnF2 in (1 mL, DMF, anhydrous, 99.8%, Sigma‐Aldrich) 

at 125 °C with stirring for 1 h on a hot plate [1-5]. After the reaction, ethylammonium tin iodide 

perovskite (powder) was then collected, left at room temperature to cool and finally stored in 10 

mL sample glass vial. 

 

This procedure involves treatment of the perovskite material through addition of SnF2 to the 

reaction mixture. Addition of SnF2 was reported in literature [6-8] to help improve stability and 

PCE of tin-based photovoltaic cells. This treatment step reduces oxidation of  Sn2+ to Sn4+. This 

oxidation impedes charge neutrality in the structure of the perovskite, which promotes  degradation 

of the perovskite by formation of tin oxides/ hydroxides [9].  

 

Chemical reaction: 

CH3CH2NH3I + SnI2 = CH3CH2NH3SnI3                       (10) 
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3.2 Chemical synthesis [(CH3)2NH2]SnI3 perovskite 

 

3.2.1 Chemicals 

Dimethylammonium iodide (Sigma-Aldrich), tin (II) iodide (anhydrous, 99.99%, Sigma-Aldrich), 

tin (II) fluoride (99%, Sigma-Aldrich), N,N dimethylformamide (DMF, anhydrous, 99.5%, Sigma-

Aldrich), ethanol (70%, Sigma-Aldrich). 

 

3.2.2 Experimental procedure 

In a 25 mL round bottomed flask, 173 mg dimethylammonium iodide perovskite precursor was 

reacted with 372 mg SnI2 and 16 mg SnF2 in (1 mL, DMF, anhydrous, 99.8%, Sigma‐Aldrich) at 

125 °C with stirring for 1 h on a hot plate. The flask was left to cool at ambient temperature. 

Finally, dimethylammonium tin iodide perovskite powder was then collected and stored in 10 mL 

sample glass vial. 

 

Chemical reaction: 

(CH3)2NH2I + SnI2 = [(CH3)2NH2]SnI3                            (11) 
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3.3 Chemical synthesis of GASnI3 perovskite 

 

3.3.1 Chemicals 

Guanidinium iodide (99%, Sigma-Aldrich), tin (II) iodide (anhydrous, 99.99%, Sigma-Aldrich), 

tin (II) fluoride (99%, Sigma-Aldrich), N,N dimethylformamide (DMF, anhydrous, 99.5%, Sigma-

Aldrich), ethanol (70%, Sigma-Aldrich). 

 

3.3.2 Experimental procedure 

187 mg guanidinium iodide (GAI) perovskite precursor was reacted with 372 mg SnI2 and 16 mg 

SnF2 in (1 mL, DMF, anhydrous, 99.8%, Sigma‐Aldrich) in a 25 mL round bottomed flask at 125 

°C with stirring for 1 h on a hot plate. After the reaction, the flask was cooled at room temperature 

and finally guanidinium tin iodide perovskite powder was collected and stored in 10 mL sample 

glass vial. 

 

Chemical reaction: 

GAI + SnI2 = GASnI3                                    (12) 
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(ii) MOCTPs 

3.4 Chemical synthesis of [GA][CH3CH2NH3]SnI3 perovskite 

 

3.4.1 Chemicals 

Guanidinium iodide (99%, Sigma-Aldrich), ethylammonium iodide (98%, Sigma-Aldrich), tin (II) 

iodide (anhydrous, 99.99%, Sigma-Aldrich), tin (II) fluoride (99%, Sigma-Aldrich), N,N 

dimethylformamide (DMF, anhydrous, 99.5 %, Sigma-Aldrich), ethanol (70%, Sigma-Aldrich).  

 

3.4.2 Experimental procedure 

Mixed-organic-cation mole ratio of 1:1 guanidinium ion to ethylammonium ion was used to 

synthesize the desired MOCTP. 93.5 mg guanidinium iodide (GAI) and 86.5 mg ethylammonium 

iodide perovskite precursors were reacted with 372 mg SnI2 and 16 mg SnF2 in (1 mL, DMF, 

anhydrous, 99.8 %, Sigma‐Aldrich) in a 25 mL round bottomed flask at 125 °C with stirring for 1 

h on a hot plate. After the reaction, the flask was cooled at room temperature and finally 

guanidinium ethylammonium tin iodide perovskite powder was collected and stored in 10 mL 

sample glass vial. 

 

Chemical reaction:  

GASnI3 + CH3CH2NH3SnI3 = [GA][CH3CH2NH3]SnI3                 (13) 
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3.5 Chemical synthesis of [GA][(CH3)2NH2]SnI3 perovskite 

 

3.5.1 Chemicals 

Guanidinium iodide (99%, Sigma-Aldrich), dimethylammonium iodide (Sigma-Aldrich), tin (II) 

iodide (anhydrous, 99.99%, Sigma-Aldrich), tin (II) fluoride (99%, Sigma-Aldrich), N,N 

dimethylformamide (DMF, anhydrous, 99.5% Sigma-Aldrich), ethanol (70%, Sigma-Aldrich).  

 

3.5.2 Experimental procedure 

Mixed organic cation mole ratio of 1:1 guanidinium ion to dimethylammonium ion was used to 

synthesize this MOCTP. 93.5 mg guanidinium iodide (GAI) and 86.5 mg dimethylammonium 

iodide perovskite. After the reaction, the flask was cooled at room temperature and finally 

guanidinium ethylammonium precursors were reacted with 372 mg SnI2 and 16 mg SnF2 in (1 mL, 

DMF, anhydrous, 99.8%, Sigma‐Aldrich) in a 25 mL round bottomed flask at 125 °C with stirring 

for 1 h on a hot plate. The perovskite powder was collected and stored in 10 mL sample glass vial. 

 

Chemical reaction: 

 GASnI3 + [(CH3)2NH2]SnI3 = [GA][(CH3)2NH2]SnI3                     (14) 
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3.6 Characterization of the perovskites 

 

HR SEM instrument (Auriga Zeiss) was used to study microscopic properties of 

[CH3CH2NH3]SnI3, [(CH3)2NH2]SnI3, [GA][CH3CH2NH3]SnI3 and [GA][(CH3)2NH2]SnI3 

powder samples.  Tecnai F20 instrument was used to capture HR TEM images of the 5 powder 

samples of perovskites. All SAXS results were recorded using Anton Paar SAXS space system. 

The SAXS analysis experiments were performed on liquid samples. Concentration of 0.005 M of 

all samples analyzed were prepared in N,N dimethylformamide (DMF, anhydrous, 99.5%, Sigma-

Aldrich) solvent. All XRD samples had start of 10.000, end of 69.994, step of 0.034 and step-time 

of 96.δ recorded at 25 °C.    

 

All FTIR results reported were recorded using Perkin Elmer FTIR spectrometer, spectrum two 

model. The samples were in powder form, grounded and pressed into a pellet before they were 

recorded. Potassium bromide (KBr) was used as the background for all the sample that were 

analyzed. The 13C CPMAS spectra were recorded on a 11.4 Tesla Bruker Avance III HD NMR 

spectrometer, operating at frequencies of 500 MHz (1H) and 125 MHz (13C). Magic Angle 

Spinning (MAS) frequency was 5 kHz  for all experiments. The samples were packed into standard 

zirconia 4mm rotors (Bruker). The standard CP sequence in the Bruker pulse program was used 

with 1H 90° pulse length 2.5 µs, contact time 1.5 ms, for 1000 scans. A recycle delay of 7s was 

used for all CPMAS experiments and during acquisition, SPINAL64 decoupling at field strength 

100 kHz was applied on 1H channel. Chemical shifts were referenced to external adamant, using 

the downfield signal at 38.48 ppm relative to TMS (13C). 
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All UV-Vis experiments were recorded using Epsilon 963 instrument. Samples of all materials 

analyzed were dissolved in DMF solvent before each experiment was done. All CV experiments 

were recorded using PalmSens electrochemical work station. Three electrode system was adopted, 

where the working electrode was glassy carbon electrode (GCE, surface area = 0.071 cm2), counter 

electrode was platinum wire (diameter = 1.0 mm) and reference electrode was Ag/AgCl (saturated 

KCl solution) electrode [6, 7]. 5 mL of all electrolytes analyzed were measured into 10 mL 

electrochemical cell and de-aerated with nitrogen gas for at least 2 min. The working electrodes 

were polished before each experiment using alumina-micro polish slurries (1.0 mm, 0.3 mm and 

0.05 mm) on polishing pads, sonicated for 10 min in ethanol and in de-ionized water respectively, 

and finally left to air-dry. 

 

EIS experiments were recorded using CH electrochemical work station. Conventional three 

electrode system was adopted, where the working electrode  was GCE (surface area = 0.071 cm2), 

the counter electrode was platinum wire (diameter = 1.0 mm) and the reference electrode was 

Ag/AgCl (saturated KCl solution) electrode. 5 mL of electrolyte was measured into a 10 mL 

electrochemical cell and de-aerated with nitrogen gas for 2 min. The GCEs were polished pre- 

experiment using alumina-micro polish slurries (1.0 mm, 0.3 mm and 0.05 mm) on polishing pads, 

sonicated for 10 min in ethanol and in de-ionized water respectively, and finally left to air-dry. 

The experiments were all recorded over frequency range of 0 - 20 kHz [8, 9]. 
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3.7 Fabrication of photovoltaic cell devices 

 

3.7.1 Chemicals 

Ethylammonium iodide (98%, Sigma-Aldrich), tin (II) iodide (anhydrous, 99.99%, Sigma- 

Aldrich), tin (II) fluoride (99%, Sigma-Aldrich), N,N dimethylformamide (DMF, anhydrous, 

99.5%, Sigma-Aldrich), ethanol (70%, Sigma-Aldrich), dimethylammonium iodide (Sigma- 

Aldrich), guanidinium iodide (99%, Sigma-Aldrich), dichloromethane, PCBM, PEDOT:PSS. 

 

Preparation of perovskite precursor solutions: 

(i) SOCTPs 

3.7.2 Procedure for synthesis of GASnI3 precursor 

Precursor solution for GASnI3 perovskite was prepared by dissolving 372 mg SnI2, 16 mg SnF2 

and 93.5 mg guanidinium iodide in N,N‐dimethylformamide (1 mL, DMF, anhydrous, 99.8%, 

Sigma‐Aldrich). After mixing, the solution was placed on a hotplate at 100 °C until the tin 

precursor fully dissolved.  

 

3.7.3 Procedure for synthesis of [CH3CH2NH3]SnI3 precursor 

Preparation of [CH3CH2NH3]SnI3 precursor involved dissolving 372 mg SnI2, 16 mg SnF2 and 174 

mg ethylammonium iodide in N,N-dimethylformamide (1 mL, DMF, anhydrous, 99.8%, Sigma‐

Aldrich). The solution was placed on a hotplate at 100 °C until tin precursor was fully dissolved. 

http://etd.uwc.ac.za/



92 
 

 

3.7.4  Procedure for synthesis of [(CH3)2NH2]SnI3 precursor 

Precursor solution of [(CH3)2NH2]SnI3 was prepared by dissolving 372 mg SnI2, 16 mg SnF2 and 

174 mg dimethylammonium iodide in N,N-dimethylformamide (1 mL, DMF, anhydrous, 99.8%, 

Sigma‐Aldrich). Undissolved tin from the solution was dissolved by placing the solution on 

hotplate at100 °C. 

 

(ii) MOCTPs 

3.7.5 Procedure for synthesis of [GA][(CH3)2NH2]SnI3 precursor 

[GA][(CH3)2NH2]SnI3 perovskite precursor solution was prepared by dissolving 372 mg SnI2, 16 

mg SnF2 and a mixture of 93.5 mg guanidinium iodide and 86.5 mg dimethylammonium iodide in 

N,N‐dimethylformamide (1 mL, DMF, anhydrous, 99.8%, Sigma‐Aldrich). The solution was 

placed on a hotplate at 100 °C until the tin precursor fully dissolved. 

 

 

3.7.6 Procedure for synthesis of [GA][CH3CH2NH3]SnI3 precursor 

Precursor solution of [GA][CH3CH2NH3]SnI3 was prepared by dissolving 372 mg SnI2, 16 mg 

SnF2, 93.5 mg guanidinium iodide and 86.5 mg ethylammonium iodide in N,N‐

dimethylformamide (1 mL, DMF, anhydrous, 99.8%, Sigma‐Aldrich). The precursor solution was 

placed on hotplate at 100 °C to get tin fully dissolved. 
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3.7.7 Assembly of photovoltaic solar cell devices  

ITO coated glass substrates were sonicated in hellmanex solution for 10 min. Thereafter, the 

substrates were rinsed twice in boiling water. The second sonication of the substrates was done in 

isopropanol for 10 min, which again was followed by rinsing them in boiling water twice. The 

cleaning process was completed by blowing the substrates with nitrogen gas. 

 

Planar device architecture was adopted [10-14] to prepare devices that employed GASnI3, 

[CH3CH2NH3]SnI3, [(CH3)2NH2]SnI3, [GA][CH3CH2NH3]SnI3 and [GA][(CH3)2NH2]SnI3 

perovskites as light absorbing materials. 30 µL PEDOT:PSS solution was deposited onto the pre-

cleaned ITO coated glass substrates at 5000 rpm through spin coating for 30 s, which was followed 

by 10 min annealing on a hot plate at 140 °C [2, 15]. On top of PEDOT:PSS, 50 µL of the 

perovskite precursor solutions prepared in sections above were spin coated at 4000 rpm for 30 s 

with subsequent annealing for 10 min at 100 °C. 50 µL PCBM (2% wt. in dichlorobenzene) [16] 

was spin coated on top of the perovskite at 3000 rpm for 100 s, and subsequently annealed at 100 

°C [17]. Finally, 75 nm layer of aluminium was deposited by thermal evaporation. Finally, the 

external quantum efficiency (EQE) of the solar cell devices were measured using fourier transform 

spectroscopy [18].  
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ITO 

Al 

Adopted device architecture: 

A planar device architecture was used to fabricate SOCTPs and MOCTPs-based photovoltaic cells, 

a method that was used by Chen et al. [2]. Figure 3.1 shows the planar architecture of the devices 

that were fabricated in this research. 

 

 

 

  

 

     

        

 

 

 

 

 

Figure 3.1: Planar structure device architecture adopted for perovskite solar cell 

(glass/ITO/PEDOT:PSS/perovskite layer/PCBM/Al). 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

Photophysical characterization 

4.1 High Resolution Scanning Electron Microscopy (HR SEM) and Energy-dispersive X-ray 

Spectroscopy (EDS) results. 

 

The 5 perovskite materials show good crystallinity and cubic shapes, well characteristic of 

perovskites reported in literature which exhibit tetragonal and hexagonal cubic structures [1, 2]. 

Variations in morphology of perovskites gives rise to different performances in the solar cell 

devices fabricated [3]. The surface morphology of (a) [(CH3)2NH2]SnI3 and (c) GASnI3 shows 

good homogeneity as there are no pinholes in between the single crystals, however (b) 

[CH3CH2NH3]SnI3, (d) [GA][(CH3)2NH2]SnI3 and (e) [GA][CH3CH2NH3]SnI3 exhibit some pin 

holes between their crystals. Pinholes influence the efficiency of solar cells, they specifically affect 

the short circuit current and open circuit voltage in contrasting ways [4].  

 

Zhang et al. reported on MAPbI3 perovskites that exhibit no pinholes in their morphology, 

achieved by dropping ethyl acetate antisolvent onto the precursor films during spin coating [5]. 

Addition of ethyl acetate was reported to play a role in regulating the nucleation, hence improving 

compactness of the thin-film, improving grain size, while defect density reduced which realized  

high power conversion efficiency, owing to reduced electron recombination[5]. Mixing organic 
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cations improved the quality of the perovskite grain size [6-7] as seen in HR SEM images of the 

various single and mixed-organic-cation tin halide perovskites (figure 4.1). 

 

Mixed hybrid perovskites usually suffer from inhomogeneity of thin film due to composition 

separation and/or thermal stress [8].  Substantial chemical mismatch among  components, and non-

equilibrium growth may occur during film formation. Inhomogeneity correlates to residual strains, 

which result in lattice distortion of microscopic crystal structure, and further affect optoelectronic 

properties of the perovskite [8-13].  

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) [(CH3)2NH2]SnI3                                                         (b) [CH3CH2NH3]SnI3                  
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(c) GASnI3                                                                  (d) [GA][(CH3)2NH2]SnI3                                                           

 

 

 

 

 

 

 

 

  

(e) [GA][CH3CH2NH3]SnI3 

 

Figure 4.1: HR SEM images for the various perovskites taken at different resolutions. 
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EDS 

 

EDS, in co-junction with HR SEM is used to give the elemental composition of a sample. When 

the sample is struck with a beam of electrons, some electrons are ejected from the atoms of the 

sample’s surface. The electron vacancies left behind are in turn filled by electrons from a higher 

energy state, subsequently, an X-ray is emitted to make a balance between the energy in the two 

electron states. The energy that is emitted is dependent on the characteristics of the element from 

which it was emitted [14]. The EDS detects the X-rays that the sample emits during this process. 

The elemental composition in a sample volume  is given by spectrum of X-ray energy versus 

counts. The elemental compositions in each of the 5 perovskites is shown in is shown in figure 4.2. 

The elements include Sn, I, C, O and N which constitute the chemical formula of the compounds 

except O which is from the DMF solvent that was used to synthesize them. Insets show the atomic 

percentage in the samples analyzed [15].  
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(c) (d) 
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Figure 4.2: EDS spectra for the 5 perovskites. 
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4.2 High Resolution Transmission Electron Microscopy (HR TEM) results 

 

The polycrystallinity, grain sizes and grain boundaries of perovskite films have a strong influence 

on charge generation and transport , carrier dynamics and overall power conversion efficiency of 

the photovoltaic solar cell [16]. The images of all the perovskites showed that the materials are 

polycrystalline. Selected area electron diffraction (SAED) gives some useful structural 

information of the sample that is used to compliment XRD technique. The SAED obtained for the 

5 perovskites show that the perovskite materials are highly crystalline, which is shown by the 

electron diffraction rings in the micrograph [17]. Sharp diffraction spots seen in the (SAED) 

patterns observed in all the perovskites except guanidinium dimethylammonium tin iodide can be 

indexed to a tetragonal perovskite crystal structure with the zone axes (ZAs) of (110) or (001) [18]. 

Electron diffraction rings in the different micrographs have been assigned to specific lattice planes 

of the perovskites [18]. 

 

 

4.2.1 HR TEM for ethylammonium tin iodide 

 

Average particle size of the perovskite was found to be 109.0 nm, d spacing of lattice plane was 

calculated to be 0.23 nm which corresponds to (310) lattice plane. The SAED electron diffraction 

rings corresponding to (003), (110) and (211) lattice planes were observed. Figure 4.3 shows the 

HR TEM images of the perovskite at different resolutions. 
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 (a)                                                                                                 (b)                                                     
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Figure.4.3: (a) and (b) HR TEM images for [CH3CH2NH3]SnI3 at different resolutions and (c) 

SAED for [CH3CH2NH3]SnI3. 
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4.2.2 HR TEM for dimethylammonium tin iodide 

 

87.8 nm average perovskite particle size was obtained, and 0.29 nm d spacing of lattice plane 

which corresponds to (220) lattice plane. HR TEM micrographs taken at different resolutions of 

the perovskite are shown in figure 4.4 below. 

 

 

 

 

 

 

 

(a)                                                                                               (b)                                                     

 

 

 

 

 

 

 

 

Figure 4.4: (a) and (b) HR TEM images for [(CH3)2NH2]SnI3 at different resolutions and (c) SAED 

for [(CH3)2NH2]SnI3. 
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4.2.3 HR TEM for guanidinium tin iodide 

 

Two particle shapes were observed, trigonal and hexagonal. The same observation was reported 

by Darriet et al. whereby hexagonal perovskite-type materials present more than one particle 

shape, owing to the stacking of mixed layers [19]. This is observed in materials that exhibit 2-D  

crystals derived from (ABX3) structure. This phenomenon is not strange since guanidinium tin 

iodide is derived from this basic perovskite structure. Various phases  of perovskite crystal 

structures may occur from mixed stacking of the layers. Perovskite hexagonal polytypes may form 

compounds that adopt new types of structures derived from mixed stacking of the layers [20]. A 

new structure is formed, which is explained to be due to re-ordering of the stacking sequence in 

the perovskite cubic shape. Formation and decomposition of the perovskite is reversible where the 

oxidation of tin is the driving force for these processes at intermediate temperatures [21].  

 

The diffraction intensity of the perovskite tetragonal phase was correlated with a direct increase in 

the SnI2 trigonal phase intensity. This correlation indicates that the structure is a stacked 

architecture, with SnI2 formed on top of the underlying perovskite layers [22]. The average particle 

sizes were found to be 94.0 nm and 102.4 nm respectively. The d spacing of lattice plane was 0.23 

nm which was assigned to (310) lattice plane. Figure 4.5 shows HR TEM micrographs of the 

perovskite at different resolutions. 
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Figure 4.5: (a) and (b) HR TEM images for GASnI3 at different resolutions and (c) SAED for 

GASnI3. 

 

4.2.4 HR TEM for guanidinium ethylammonium tin iodide 

 

Average particle size of 115 nm and lattice plane d spacing of 0.23 nm was achieved, 

corresponding to film growth along (310) lattice plane. HR TEM micrographs of the perovskite at 

different resolutions are shown in figure 4.6 below. 
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Figure 4.6: (a) and (b) HR TEM images for [GA][CH3CH2NH3]SnI3 at different resolutions and 

(c) SAED for [GA][CH3CH2NH3]SnI3. 
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4.2.5 HR TEM for guanidinium dimethylammonium tin iodide 

 

Average particle size of 93 nm was attained. Lattice plane d spacing was found to be 0.27 nm, 

which corresponds to (310) lattice plane. Figure 4.7 shows HR TEM micrographs of the perovskite 

at different resolutions. 
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Figure 4.7: (a) and (b) HR TEM images for [GA][(CH3)2NH2]SnI3 at different resolutions and (c) 

SAED for [GA][(CH3)2NH2]SnI3. 
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4.3 Small-Angle X-ray Scattering (SAXS) results 

 

4.3.1 SAXS for [CH3CH2NH3]SnI3 perovskite 

 

Figure 4.8 (a) below shows the pair distance distribution function (PDDF) for the 

[CH3CH2NH3]SnI3 perovskite. This PDDF shows a dip around 30 nm which stretches down to the 

negative. PDDF is a histogram of distances which is determined by contrast values (Δρ) that are 

in turn connected by each distance. In this case, all distances that happen to cross the border from 

positive to negative (Δρ) values count negative [23], hence the histogram shows a dip that stretches 

to the negative (Δρ). This PDDF suggests that the shape of this perovskite particles is a core shell 

hollow sphere.  

 

Figure 4.8 (b) is particle size distribution of the perovskite sample, it shows that the sample has 

two particle sizes, r = 8.0 nm and 67.6 nm. This technique compliments TEM by showing more 

information especially on smaller particle sizes. These two sizes are smaller than the average 

particle size (109.0 nm) that was obtained through HR TEM for the same perovskite. Because of 

lateral confinement, crystals grow mainly in the vertical direction during nucleation. This results 

into a strain inside the film that leads to cracking into smaller units, while smaller crystals on the 

surface of film grow together [24.] Proposed mechanism for perovskite conversion is shown in 

figure 4.9.  
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GISAXS has been shown to be a powerful tool to probe the nanometer scale morphology of thin 

organic and inorganic films and to explain morphological implications for their behavior in organic 

and dye-sensitized solar cells [25, 26]. Thus, GISAXS is complementary to imaging techniques 

like atomic force microscopy (AFM) or scanning electron microscopy (SEM), which only probe 

the sample surface [27, 28]. There is a large amount of smaller crystals inside the bulk of SnI2 

perovskite precursor film than closer to the film surface. This depletion of smaller crystals relative 

to larger ones on the film surface is further supported by SEM images. This disparity increases 

upon conversion of SnI2 to perovskite, as crystals inside the bulk probably split due to the strain. 

Smaller crystals on the surface, however, are partially dissolved and get united with the larger 

crystals by Ostwald-type ripening, which explains why ripening of the crystals usually forms poly-

dispersed particles [29, 30]. 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: (a) PDDF for [CH3CH2NH3]SnI3 perovskite, (b) particle size distribution of the 

perovskite. 

http://etd.uwc.ac.za/



113 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Schematic presentation of proposed crystal growth [24]. 

 

 

Figure 4.10 (a) below shows SAXS plot of volume fraction of particle sizes. The plot shows only 

the volume fraction of particle size r = 8.0 nm, which means that the population of particle size r 

= 67.6 nm was way smaller. The plot of intensity X-ray scatter of the particle sizes, figure 4.10 (b) 

confirms the presence of r = 8.0 nm and r = 68.0 nm particles, with higher intensity of r = 68.0 nm 

since the bigger the particle size, the more intense the X-rays will be scattered. 
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Figure 4.10: SAXS plots of (a) volume of the particle size and (b) intensity of the particle sizes of 

[CH3CH2NH3]SnI3 perovskite. 

 

 

4.3.2 SAXS for [(CH3)2NH2]SnI3 perovskite 

 

PDDF of [(CH3)2NH2]SnI3 is shown in figure 4.11 (a) below. This plot shows that the perovskite 

has particles of arbitrary shape. The shape cannot be deduced from this information without 

additional information. HR TEM may be used to complement this information about the shape of 

the particles [23]. Figure 4.11 (b) shows particle size distribution of the perovskite sample, two 

particle sizes, r = 2.0 nm and 18.0 nm were recognized. Similar to [CH3CH2NH3]SnI3, these two 

particle sizes are way too smaller than 87.8 nm average particle size obtained from HR TEM for 

[(CH3)2NH2]SnI3. Average particle size may not reveal a true resemblance of the sample particle 

size. 
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Figure 4.11: (a) PDDF for [(CH3)2NH2]SnI3 perovskite, (b) particle size distribution of the 

perovskite. 

 

Figure 4.12 (a) below shows SAXS plots of [(CH3)2NH2]SnI3. Plot (a) shows only the volume 

fraction of particle size r = 2.0 nm. The population of particle size r = 18.0 nm was insignificant 

in volume fraction. The plot of intensity X-ray scatter of the particle sizes, figure 4.12(b) confirms 

the presence of r = 2.0 nm and r = 18.0 nm particles. As expected, the larger particle (r = 18.0 nm) 

has X-ray scattering of higher intensity. 
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Figure 4.12: SAXS plots of (a) volume of the particle size and (b) intensity of the particle sizes for 

[(CH3)2NH2]SnI3 perovskite. 

 

 

4.3.3 SAXS for GASnI3 perovskite 

 

Figure 4.13 (a) shows PDDF of GASnI3 perovskite. Observed in this plot is a pronounced peak at 

66.3 nm and a smaller peak at 115.7 nm as seen below. This PDDF shows aggregates (i.e. particles 

that join and stick together) of two subunits [27]. Figure 4.13 (b) is a plot of particle size 

distribution of the perovskite. The sample has two particle sizes, r = 65.0 nm and 97.5 nm as seen 

below. The 97.5 nm particle size is comparable to the average particle size of 102.4 nm that was 

obtained from HR TEM experiment on the same material [25]. Both SAXS and HR TEM gave 

results with comparable particle size [26]. 
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Figure 4.13: (a) PDDF for GASnI3 perovskite and (b) particle size distribution of the perovskite. 

 

Figure 4.14 (a) shows the volume fraction of particle size r = 65.0 nm and 97.5 nm. Particles r = 

65.0 are more than particles r = 97.5 nm in the sample. The plot of intensity of the X-ray scatter of 

the particle sizes in figure 4.14 (b) confirms the presence of r = 67.6 nm and r = 98.2 nm particles. 

The smaller particles (r = 67.6 nm) had X-ray scattering of higher intensity than the bigger particles 

(r = 98.2 nm) because of the aggregation of the two subunits [27] . 
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Figure 4.14: SAXS plots of (a) volume of the particle size and (b) intensity of the particle sizes for 

GASnI3 perovskite. 

 

 

4.3.4 SAXS for [GA][(CH3)2NH2]SnI3 perovskite 

 

PDDF of [GA][(CH3)2NH2]SnI3 perovskite is shown in figure 4.15 (a) below. This plot shows a 

dip around 30 nm which stretches down to the negative. In this PDDF, all distances that went past 

the border from positive to negative (Δρ) values count negative [30], hence the histogram shows a 

dip that stretches to the negative (Δρ). This information tells us that the shape of this perovskite 

particles is a core shell hollow sphere. Plot for particle size distribution, figure 4.15 (b) shows that 

the perovskite sample has two particle sizes, r = 8.0 nm and 68.4 nm. The biggest size (68.4 nm) 

is smaller than 93.0 nm particle size that was shown by HR TEM for this perovskite.  
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Figure 4.15: (a) PDDF for [GA][(CH3)2NH2]SnI3 perovskite and (b) particle size distribution of 

the perovskite. 

 

Figure 4.16 (a) shows volume fraction of particle size r = 8.0 nm and 68.4 nm. Particles r = 8.0 nm 

are way more than particles r = 68.4 nm in the sample hence only r = 8.0 nm is seen in this plot. 

The plot of intensity of the X-ray scatter of the particle sizes, figure 4.16 (b) confirms the presence 

of r = 8.0 nm and r = 70.8 nm particles. The larger particle (r = 70.8 nm) has X-ray scattering of 

higher intensity. 
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Figure 4.16: SAXS plots of (a) volume of the particle size and (b) intensity of the particle sizes 

for [GA][(CH3)2NH2]SnI3 perovskite. 

 

 

4.3.5 SAXS for [GA][CH3CH2NH3]SnI3 perovskite 

 

PDDF of [GA][CH3CH2NH3]SnI3 perovskite is shown in figure 4.17 (a) below. The PDDF shows 

a dip around 40 nm which stretches down to the negative. This PDDF gives information that the 

shape of this perovskite particles is a core shell hollow sphere [23]. Plot (a) shows that the sample 

is poly-dispersed [30], with three particle sizes, r = 12.0, 72.0 and 108.0 nm as seen in figure 4.17 

(b). The biggest particle size (108.0 nm) is comparable to 115 nm average size that was obtained 

from HR TEM experiment. Both techniques were complimentary, in which SAXS revealed even 

sizes of smaller particles [29]. 

 

(a) (b) 

http://etd.uwc.ac.za/



121 
 

 

 

 

 

 

 

 

 

 

Figure 4.17: (a) PDDF for [GA][CH3CH2NH3]SnI3 and (b) particle size distribution of the 

perovskite. 

 

Figure 4.18 (a) below shows the volume fraction of particle size r = 12.0 nm only, which shows 

that it is by far more than the rest in the sample. The plot of intensity of the X-ray scatter of the 

particle sizes in figure 4.18 (b) confirms the presence of all the three particle sizes. Particle size r 

= 77.5 nm has X-ray scattering of highest intensity as seen in the figure below. 
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Figure 4.18: SAXS plots for (a) volume of the particle size and (b) intensity of the particle sizes 

for [GA][CH3CH2NH3]SnI3 perovskite. 

 

 

4.4 XRD results 

 

XRD analysis of the perovskites was done since understanding the crystal growth of these 

materials affects their electronic, optoelectronic, and photovoltaic properties [31]. This technique 

was used to give information about the crystalline properties of the perovskites. Figure 4.19 below 

shows the XRD patterns of the 5 perovskites. Diffraction peaks are observed at approximately 

13.0, 17.0, 22.6, 25.1, 26.5, 31.9, 34.5, 39.6, and 43.2 two-theta degrees, respectively 

corresponding to the reflections from (110), (112), (211), (202), (220), (310), (312), and (314) 

crystal planes characteristic to the tetragonal (14/mcm) perovskite structure [32, 33].These 

diffraction peaks agree with literature for perovskite thin films. It was observed that some of the 

(a) (b) 
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perovskites showed fewer diffraction peaks, noteworthy however is that these peaks still were in 

positions corresponding to tetragonal structure, e.g. guanidinium tin iodide diffraction peaks. This 

result could be caused by strong texture in the sample. It is also noted that the diffraction peak 

intensities vary from one perovskite to the next, which indicates that the compounds have varying 

degree of ordering. XRD line broadening is caused by dislocations in non-cubic materials like the 

perovskites that were synthesized in this research, which do not conform to perfectly cubic shape 

[34]. Non-cubic materials allow orientation factors that relate to diffraction profile parameters (line 

widths, fourier coefficients) in a way that favors elastic behavior and lattice geometry of the 

scattering perovskite crystals [35]. XRD pattern of SnI2 precursor was also done. This starting 

material exhibited 3 phases, which include base-centered monoclinic with space group C2/m (12), 

cubic Pa3 (205), and rhombohedral R-3 (48). Peaks marked with asterisks belong to the pure SnI2 

phases. 

 

Tsai et al. found that their layered perovskite exhibited diffraction peaks at 14.20°, 28.48° and 

43.28°, which match the diffraction peak positions of (111), (202) and (313) crystallographic 

planes from layered perovskite (BA)2(MA)3Pb4I13, respectively [36] However, diffraction peaks 

of (110), (220) and (314) crystallographic planes from 3D MAPbI3 perovskite located at 14.05°, 

28.45° and 43.13° crystallographic planes and layered perovskite (BA)2(MA)n-1PbnI3n+1 (n = 2, 3) 

also agreed with the XRD pattern quite well. In comparison, diffraction peaks obtained from all 

perovskites studied in this research support 3D structure [37-43]. 

 

Note-worthy is that, indexing of peaks from both layered perovskites (n = 4) and 3D-like 

perovskite phases suggest possibility that both layered and 3D-like perovskites could be present in 
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same sample at various orientations [44]. Weak diffraction peaks at low-angle (less than 14°) can 

be observed in XRD spectrum; like in the case of [CH3CH2NH3]SnI3 and [GA][(CH3)2NH2]SnI3, 

the absence of such peaks in layered perovskite thin film samples might be explained by the small 

amount of randomly oriented layered perovskite phases present [45, 46]. 

 

 

 

Figure 4.19: XRD pattern for the perovskites. 

 

All perovskite compounds studied in this research conform to tetragonal perovskite basic structure. 

The various organic cations used occupy the corners of the cubic structure, which is the A site of 

the compounds. Iodine occupies each of the faces of the cube as it directly bonds to the central 

atom, forming octahedral complex, this is the X site of the structure. Lastly, the B site which is the 

central atom in this structure is occupies by Sn and is smaller. This structure is shown in figure 

4.20. 
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Figure  4.20: Tetragonal crystal structure of the perovskites. 

 

 

Scherrer equation: 

 

The Scherrer equation relates crystallite size to the peak width in XRD. Crystallite size may not 

be equal to particle size due to the occurrence of aggregates from polycrystalline diffracting 

domain. The Scherrer equation (stated below) has been used to calculate the crystallite size of the 

various perovskites. 

 

t = Kλ/ (B cosθ)                                                                         (15) 

 

where t represents the averaged dimension of crystallites, K represents the Scherrer constant close 

to unity (0.9 has been used), λ represents the wavelength of X-ray, B represents the integral width 

Sn 

I 
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of a reflection in radians, at  2θ scale.  The optical and electrical properties of light absorbing 

materials for photovoltaic cells strongly influenced by their crystalline structure [47, 48]. The 

crystals of organic metal halides exhibit various structural transitions which are dependent on the 

temperatures used during heating. These transitions involve cubic, tetragonal and orthorhombic 

phases. When the temperature is decreased, the cubic phase is transformed into tetragonal phase 

which is the most common amongst perovskites. The tetragonal phase has symmetry lower than 

that of cubic phase, which is due to ordering of the halide ions.  

 

When temperature is further decreased, the tetragonal phase transforms into orthorhombic phase 

due to ordering of cations in the unit cells [50]. Senanayak et al. observed that lead iodide 

perovskite films with smaller grain size have crystallites that prefer orientation out of plane along 

(110) direction [51]. In contrast, ethylammonium tin iodide, dimethylammonium tin iodide and 

guanidinium ethylammonium tin iodide prefer orientation along (310) direction while guanidinium 

tin iodide and guanidinium dimethylammonium tin iodide prefer orientation along (202) direction. 

Senanayak et al. further observed that lead iodide thin films with larger grain size have sharper 

diffraction spots while thin films with smaller grain size have broader peaks [51]. Increased grain 

sizes of hybrid halide perovskite materials enhance charge transport and collection efficiency 

which subsequently improves PCE of the fabricated solar cell devices [52]. It is therefore favorable 

to control particle growth such that optimal grain size is achieved. Crystallinity is greatly improved 

at higher temperatures. A temperature (125 °C) higher than the traditional perovskite annealing 

temperature (100 °C) was adopted. The Ostwald recrystallization model is used to explain enlarged 

grain size. This process involves two steps and  is driven by surface energy. In the first step, small-

sized crystals dissolve due to higher equilibrium vapor pressure. The second step involves 
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formation of large-sized crystals to cause a decrease in the surface energy leading to improved 

grains. Table 4.1 below shows the calculated averaged dimensions of the various perovskite 

crystallite. 

 

 

Table 4.1: Averaged dimensions of crystallites (t) of the perovskites. 

 

Perovskite t (nm) 

[CH3CH2NH3]SnI3 196.0  

[(CH3)2NH2]SnI3 124.3 

GASnI3 180.0 

[GA][CH3CH2NH3]SnI3 104.5 

[GA][(CH3)2NH2]SnI3 177.9 

 

 

 

4.5 FTIR results 

 

Figure 4.21 below shows the FTIR spectra of all the 5 perovskites. 
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Figure 4.21: FTIR spectra for (a) [(CH3)2NH2]SnI3, (b) [CH3CH2NH3]SnI3 and (c) GASnI3, 

[GA][CH3CH2NH3]SnI3 and [GA][(CH3)2NH2]SnI3. 

 

All the perovskites showed the expected IR bands characteristic to the structure of these materials 

complexed in DMF solvent which was used in their synthesis. Absorption bands observed in all 

perovskites are consistent with literature [53]. The N-H stretch which absorbs between 3400 and 

(a) (b) 

(c) 
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3250 cm-1 was observed in all 5 perovskites. This band is usually medium and appears as a double 

band, which confirms the presence of primary or secondary amines or amides in the perovskite 

[54]. The C-H sp3 band (3000-2850 cm-1) is also observed in all 5 perovskites. This C-H stretch is 

usually medium and confirms alkanes in the chemical structure of the compound.  

 

The C-H stretch aldehyde (2830-2695 cm-1) was observed in all the 5 perovskites. This is a medium 

band that originates from the C-H bond in an aldehyde group [55]. The aldehyde group confirmed 

is from the DMF solvent that was used in the synthesis steps of these materials. The aldehyde 

group from DMF solvent also contributed a strong C=O stretch (1740-1665 cm-1) in all the 

perovskites. Also observed in all the perovskites is the N-H bend (1650-1580 cm-1) which is a 

medium band confirming primary amines in the structure of the analyzed material. The C-N sp3 

(1450-1250 cm-1) band was also observed in all the perovskites and lastly is the broad N-H wag 

(910-665 cm-1) confirming primary and secondary amines [56]. Similar bands were observed for 

SOCTPs and MOCTPs, hence it can be deduced that mixing the organic cations did not cause 

bonding amongst these cations. 

 

Glaser et al. analyzed the shifts of methylammonium lead halide perovskite vibrational peak 

positions between various halides to infer the extent of interaction between organic moiety and the 

surrounding inorganic cage. They found the same vibration bands observed with these perovskites, 

and further established that the positions of the NH3
+ stretching vibrations point to significant 

hydrogen bonding between the methylammonium and the halides for all three perovskites [57]. 
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4.6 Nuclear Magnetic Resonance (NMR) spectroscopy results 

   

Solid state 13C NMR spectroscopy of the perovskite precursors used to synthesize the perovskites 

were recorded as well as for the perovskites. These precursors include guanidinium iodide (GAI), 

ethylammonium iodide (EthI) and dimethylammonium iodide (DimI) while the  various 

perovskites are GASnI3, [CH3CH2NH3]SnI3, [(CH3)2NH2]SnI3, [GA][CH3CH2NH3]SnI3 and 

[GA][CH3CH2NH3]SnI3). Solid state 13C magic angle spinning (MAS) NMR, is a very powerful 

tool for studying the difference of the C–H vectors at different sites. The 13C spin-lattice relaxation 

time in the rotating frame T1ρ is not affected  by spin diffusion due to the weak dipolar coupling, 

which results from low natural abundance and substantial separation of the nuclei [58, 59].  

 

 

(i) SOCTPs 

4.6.1 NMR for [CH3CH2NH3]SnI3  

 

Figure 4.22 shows 13C spectra of EthI precursor plotted on the same axis with [CH3CH2NH3]SnI3 

perovskite. Commercially synthesized EthI precursor shows two peaks labelled C-1 and C-2, 

which are due to  two carbon atoms in the chemical structure of EthI  [60].  Based  on the chemical 

shift, C-1 is a carbon peak from methyl carbon which was observed to have a peak split at 14.3 

and 16.0 ppm [61]. C-2 is a carbon peak from CH2 in the EthI structure, which occurred at chemical 

shift 37.5 ppm. This peak is downfield due to bonding with iodine which is more electronegative 

in the chemical structure of EthI. This result is consistent with what was already established, where 
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the 13C chemical shifts for alkyl carbons was found in smaller chemical shifts while those for aryl 

carbons shifted to higher chemical shifts due to increase in electronegativity of the substituents 

[62-64].  The 13C of [CH3CH2NH3]SnI3 perovskite shows peaks around the same chemical shifts 

relative to its EthI commercially synthesized precursor except that the C-2 shows some splitting 

in its peaks. This carbon is the carbon bonded to nitrogen atom that forms a bond with tin in the 

reaction of EthI with SnI2 to form [CH3CH2NH3]SnI3 perovskite. C-2 peak in the perovskite splits 

into three peaks at 37.0, 38.8 and 39.6 ppm. The splitting of this peak is due to coupling between 

tin and carbon confirming bonding of tin in the structure. [65, 66]. Similar studies involving 

MAPbI3 perovskite showed that MA units easily rotate in PbI6 cuboctahedral, which was supported 

by experimental data. These rotations are coupled significantly to the PbI3 lattice causing some 

structural changes to occur from cubic Pm-3m to tetragonal P4mm and vice versa. As a result, a 

momentum dependent splitting of energy band by Rashba effect takes place, which induces a multi 

band gap electronic structure due to the spin-orbit coupling [67, 68]. 
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Figure 4.22: 13C NMR spectra for EthI precursor and [CH3CH2NH3]SnI3 perovskite. 

 

4.6.2 NMR for [(CH3)2NH2]SnI3 

 

Spectra of 13C NMR for DimI and [(CH3)2NH2]SnI3 are shown in figure 4.23. Commercially 

produced DimI precursor shows one very prominent peak at chemical shift at 38.8 ppm as seen in 

figure 4.23 below. This peak is attributed to the CH3 carbon atoms in the chemical structure of the 

precursor, the two carbons have the same chemical environments and will show as one signal. This 

is consistent with similar studies to elucidate structure of  Cs/FA/MA/ PbI3 perovskite whereby 

13C spectrum showed  MA at 30 ppm while FA was at 155 ppm [69]. The same peak is observed 

from 13C spectrum of [(CH3)2NH2]SnI3, except that the peak now shows splitting which occurs at 

37.4 and 39.2 ppm. This splitting is due to coupling of tin and carbon, confirming the presence of 

tin in the structure.   

 

                     EthI precursor 

                 [CH3CH2NH3]SnI3 
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Figure 4.23: 13C NMR spectra for DimI precursor and [(CH3)2NH2]SnI3 perovskite. 

 

4.6.3 NMR for GASnI3 

 

Figure 4.24 shows 13C NMR spectra of guanidinium iodide (GAI) precursor plotted together with 

GASnI3. It is observed that C-1 in the precursor is shielded in GASnI3 since iodine atom (more 

electronegative) bonded to C-1 is replaced by tin atom (less electronegative). However, the tin 

atom still has high density of electrons since it is surrounded by iodine atoms. Observed is also a 

peak at 29.45 ppm from carbon atoms of DMF which was used as the solvent. C-1 is shielded from 

110.57 ppm to 38.49 ppm.  
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Figure 4.24: 13C NMR spectra for GAI precursor and GASnI3 perovskite. 

 

(ii) MOCTPs 

4.6.4 NMR  for [GA][CH3CH2NH3]SnI3 

 

A 13C NMR spectrum of GAI precursor was plotted together with [GA][CH3CH2NH3]SnI3 

spectrum in figure 4.25 below. The same behavior whereby carbon atom of the precursor shifts 

upfield due to bonding to tin which is less electronegative relative to iodine atom that gets 

displaced.  C-1 shifts from 110.57 ppm to 38.17 ppm, C-2 and C-3 are observed at 15.69 ppm and 

14.38 ppm respectively. 
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Figure 4.25: 13C NMR spectra for GAI precursor and [GA][CH3CH2NH3]SnI3. 

 

4.6.5 NMR for [GA][(CH3)2NH2]SnI3 

 

Figure 4.26 shows 13C NMR spectra of GAI precursor and [GA][(CH3)2NH2]SnI3. The precursor 

shows a prominent peak due its carbon atom at chemical shift 110.57 ppm. This peak is not present 

in the MOCTP [GA][(CH3)2NH2]SnI3. One intense peak at 39.2 ppm is observed from the 13C 

NMR of [GA][(CH3)2NH2]SnI3 which is attributed to the two carbon atoms from DimI precursor 

that have the same chemical environment and hence present as a single signal in the spectrum. The 

structure of these perovskites evidenced by NMR data allow for amine-cavity interactions to 

introduce some mechanical properties on the hybrid perovskites [70, 71]. Here, the framework is 

strengthened by interactions between protonated amine and metal-halide cavity, greatly improving 
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the mechanical properties. Kieslich et al. studied the role of amine-cavity interactions in 

determining mechanical properties of ferroelectric hybrid perovskites [72]. They found that 

interactions between protonated amine and the metal-formate cavity can be described as salt 

bridges like those in proteins and artificially synthesized helical polymers. Hydrogen bonds and 

ionic interactions come to play at the same time. Other transitions that influence mechanical 

properties of hybrid perovskites include orientational order-disorder phenomena [73]. Order-

disorder transitions are temperature driven e.g. (CH3)2NH2]Zn(HCOO)3 hybrid perovskite 

undergoes significant order-disorder phase transition at 156 K.  The organic cationic moieties from 

the synthesized perovskites are bound by hydrogen bonds to the halide (Iodide) in the fashion (N-

H..I), and essentially are trapped inside the cage of the perovskite. The state of motion of the 

organic cationic moiety is temperature dependent [74].  

 

 

Figure 4.26: 13C NMR spectra for GAI precursor and [GA][(CH3)2NH2]SnI3. 
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4.7 UV-Vis results 

 

The absorption spectrum of the perovskites is consistent with literature [32, 75]. All the spectra 

show a very prominent peak (364, 365 and 366 nm), labelled (a) with different intensities of 

absorption. This broad peak is commonly reported in literature [76] and this region makes these 

materials suitable for photovoltaic cell application [77]. Guanidinium tin iodide recorded the 

highest intensity of this peak, and it was observed that mixing either ethylammonium tin iodide or 

dimethylammonium tin iodide with guanidinium ion improved the intensity of peak (a). The reason 

for increased peak intensity is attributed to improved grain-size which in turn improved light 

absorption and surface coverage which is evidenced by SEM results.  

 

This absorption peak corresponds to charge transfer transitions. When electrons are exposed to 

higher energy, they get excited from the filled ligand-centered orbitals to the half-filled d orbital, 

producing ligand to metal charge transfer transitions [75], predominant in such complexes with 

ligands that have high energy lone pairs. In UV-visible spectra, absorption peaks in the range of 

100 nm to 300 nm are normally attributed to n →σ* or π→π*, and peaks observed in the region 

higher than 300 nm usually arise due to the transition of n →π* [78]. Using this knowledge, all 

peaks observed in these perovskites are attributed to be due to transition of n →π*. Figure 4.27 

below shows UV-Vis spectra of the various perovskites.  
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Figure 4.27: (a) UV-Vis spectra for [CH3CH2NH3]SnI3 and [(CH3)2NH2]SnI3, (b) UV-Vis of 

GASnI3, [GA][CH3CH2NH3]SnI3 and [GA][(CH3)2NH2]SnI3, inset shows peak c. 

(b) 

(c) 
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Ligand to metal charge transfer gives rise to intense bands, which result in the reduction of the 

metal. Ligand to metal charge transfer in organic-inorganic perovskites originates from hydrogen 

bonds (N-H....X), where X is a halogen [79]. This hydrogen bonding attracts the organic and 

inorganic groups. Here hydrogen bonding reduces the electron density around the iodide ion and 

causes the charge transfer metal to ligand Sn---I. High covalency of ligand-metal is associated with 

low energy. The overlap of the donor and acceptor orbitals involved in the process of charge 

transfer is proportional to the intensities of these transitions[79]. It is observed in figure 4.27 (a) 

above that the overlap of both the donor and acceptor orbitals involved in charge transfer is greater 

in [(CH3)2NH2]SnI3  than in [CH3CH2NH3]SnI3 perovskite and as expected the overlap is greater 

in [GA][(CH3)2NH2]SnI3 than [GA][CH3CH2NH3]SnI3  MOCTPs. Laporte forbidden 

transitions (intra-atomic d-d transitions), whereby parity remains the same may also be seen, giving 

rise to weak absorptions. Figure 4.27 (b) above shows two weak absorptions at 552 and 834 nm, 

labelled (b) and (c) respectively which correspond to d-d forbidden transitions. Figure 4.28 below 

shows ligand to metal charge transfer: 

 

 

Figure 4.28: Ligand to metal charge transfer (LMCT) for an octahedral d6 complex [79]. 
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It was observed that mixing guanidinium ion with either dimethylammonium or ethylammonium 

caused a redshift (shifting to higher wavelength) of peak c, as seen in the inset above. As a result, 

[GA][CH3CH2NH3]SnI3 showed the narrowest optical band gap of 1.44 eV. [GA][(CH3)2NH2]SnI3 

perovskite also had an improved optical band gap of 1.45 eV and GASnI3 showed a band gap of 

1.46 eV. [(CH3)2NH2]SnI3  and [CH3CH2NH3]SnI3 exhibit the widest optical band gap of 2.87 and 

2.89 eV respectively. The MOCTPs recorded the highest peak intensities as observed in inset 

(figure 4.27 (b)). 

  

Interestingly, mixed-organic-cations perovskites show superior light absorption characteristics to 

single-organic-cation perovskites. These compounds outperform most studied perovskite 

(CH3NH3PbI3), which has absorption characteristics of range 500-790 nm [80] relative to range of 

365 to 834 nm recorded in the synthesized MOCTPs. Mixing organic cations caused reduction in 

electrochemical and optical band gaps of these 3D compounds. Stoumpos et al. synthesized long 

chain 2D perovskite compounds (CH3(CH2)3NH3)2(CH3NH3)n−1PbnI3n+1 where (n = 1, 2, 3, 4, ∞)  

perovskites. The optical band gaps of the series were 2.43 eV, 2.17 eV, 2.03 eV, 1.91 eV and 1.50 

eV  for the n = 1, 2, 3, 4, ∞ respectively, which none could achieve band gap narrower than that 

of the MOCTPs [81].  

 

 

 

 

http://etd.uwc.ac.za/



141 
 

The optical energy band gap was calculated using equation (7): 

 

Eg = hc/ λcut off                                                                       (7) 

 

Where h is Planck’s constant (J.s), c is the speed of light (m/s) and λcut off (nm)is the cut off 

wavelength obtained from the spectrum. 

 

 

Electrochemical characterizations 

 

4.8 Cyclic Voltammetry 

 

4.8.1 CV for the perovskite precursor materials 

 

Figure 4.28 shows the CV of bare (GCE) in supporting electrolyte (comprising of dichloromethane 

(CH2Cl2, anhydrous, 99.8%), 2mM benzoquinone and 0.1 M tetrabutylammonium hexafluoro 

phosphate) and bare GCE in 0.05 M tin (II) iodide precursor. The CV were recorded over the 

potential range of -1.0 V to 1.0 V at a scan rate of 0.05 V/s. For the supporting electrolyte peaks 

were observed at (Ip,a = 45.14 µA, Ep,a = -0.50 V) and (Ip,c = -81.31 µA, Ep,c = -0.70 V). While in 

the CV of tin (II) iodide, additional peaks were observed at (Ip,a = 11.19 µA, Ep,a = -0.50 V), (Ip,a = 

15.00 µA, Ep,a = 0.33 V), (Ip,a = 20.57 µA, Ep,a = 0.62 V), (Ip,a = 57.48 µA, Ep,a = 0.83 V), (Ip,c = -

22.78 µA, Ep,c = 0.59 V), (Ip,c = -17.49 µA, Ep,c = 0.41 V) and (Ip,c = -52.58 µA, Ep,c = -0.09 V) 
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labelled (a) to (g) respectively. This indicates that tin (II) iodide is electrochemically active at these 

mentioned peaks, shown in figure 4.29. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29: Cyclic voltammogram for bare GCE in supporting electrolyte and bare GCE in 0.05 

M tin (II) iodide. 

 

Figure 4.30 shows the CV of bare GCE in the supporting electrolyte described in section 4.8.1 

above, and bare GCE in 0.05 M tin powder dissolved in the same electrolyte. CV measurements 

were made over potential range of -1.0 V to 1.0 V at a scan rate of 0.05 V/s. Additional peaks were 

not observed in the voltammogram of tin powder compared to that of bare GCE in supporting 
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electrolyte, indicating that tin powder is not electrochemically active in this supporting electrolyte 

within the potential window established in this experiment. 

 

 

Figure 4.30: Cyclic voltammogram for bare GCE in supporting electrolyte and bare GCE in 0.05 

M tin powder.  

 

With the above information established, peaks (a) to (g) in figure 4.29 above can be attributed to 

iodine/iodide redox reaction. Peak (a) is the anodic peak of the supporting electrolyte that became 

visible. The most important half redox reaction of iodine/iodide is explained by reaction (16) below 

[82, 83]. The oxidation reaction is attributed to anodic peak (d) and the reduction reaction is 

attributed to cathodic peak (e). This reaction is represented by the most prominent peaks in the CV 

of the perovskites in this work. The reaction was established to be responsible for the reduction of 
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d 

b 

g 

c 

f 

e 

the perovskites, giving rise to the most important peaks in this work with regards to conversion of 

light to electricity [83]. 

 

 

 

2I-
(aq)                 I2(s) + 2e-                                                  (16) 

 

In solution, iodine is known to form a tri-iodide ion (I3
-), which establishes an equilibrium with 

free iodine and iodide ion [82, 84]. The oxidation reaction is attributed to anodic peak (b) and the 

reduction reaction is attributed to cathodic peak (g) as shown in equation (17) below:  

 

I2(aq) + I-
(aq)                     I3

- (aq)                                                    (17) 

 

Iodine electrochemistry attributes peak (c) to be due to forward reaction as shown in equation (18) 

below [84, 85]. Peak (c) is attributed to the oxidation reaction, while cathodic peak (f) is attributed 

to the reduction reaction as seen below. 

 

I3
-
(aq)  + I-

(aq)                    I4
2-

(aq)                                                     (18)  

 

Before studying the electrochemistry of the novel MOCTPs, it was found necessary to first study 

the electrochemistry of their SOCTPs. 
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 (i) SOCTPs 

 

4.8.2 CV for [CH3CH2NH3]SnI3 perovskite 

 

CV of [CH3CH2NH3]SnI3 perovskite was recorded over a potential range of -1.0 to 1.0 V at a scan 

rate of 0.05 V/s. Five peaks were observed: peak a (Ip,a = 4.746 µA, Ep,a = 0.160 V), peak b (Ip,a = 

9.929 µA, Ep,a = 0.380 V), peak c (Ip,a = 18.278 µA, Ep,a = 0.665 V), peak d (Ip,c = -2.968 µA, Ep,c 

= 0.370 V) and peak e (Ip,c = -17.497 µA, Ep,c = -0.140 V) as shown in figure 4.31. 

 

 

 

Figure 4.31: CV for bare GCE in supporting electrolyte and bare GCE in 0.05M 

[CH3CH2NH3]SnI3 perovskite. 
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To study only the CV behavior of [CH3CH2NH3]SnI3 perovskite, the potential window was 

narrowed to the range -0.3 V to 1.0 V and measured at different scan rates, see Figure 4.32 (a). 

Figure 4.32 (b) shows the Randles plot of the CV that was obtained from plotting peaks (c) and (e) 

for oxidation and reduction reactions respectively. Peak current increases with increase in scan 

rate. Surface bound electro-active [CH3CH2NH3]SnI3 was successfully and firmly immobilized 

onto the surface of glassy carbon electrode. The anodic current (Ip,a) and cathodic peak current 

(Ip,c), increase linearly with increase in scan rate. The electron transfer at the electrode-perovskite 

film interface is rapid, adsorption and diffusion controlled [86]. 

 

 

 

 

 

 

 

 

 

 

Figure 4.32: (a) CV for [CH3CH2NH3]SnI3 at various scan rates and (b) Randles plot for 

[CH3CH2NH3]SnI3 perovskite. 

 

Careful examination of a voltammogram helps diagnose which reaction step mechanism is 

occurring as well as the kinetics of the reaction [87, 88]. 

(a) (b) 
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c 

e 

d 

a 

b 

Reaction mechanism: 

 

Sequential electron transfer process electron-transfer reversible process (ErEr): 

where E indicates electron transfer step while r indicates reversibility [87, 88]. 

 

Ox + e- ↔ Red                                                            (19) 

Red + e-  ↔ Ox                                                            (20) 

 

The system has three electron transfer steps. The appearance of the voltammogram depends upon 

difference in formal potential of the three electrochemical steps. In principle, as separation between 

more than one reduction peaks (ΔE1/2) decreases, the peaks are expected to merge to become a 

single two-electron peak [89]. Sampson et al., reported on typical ErEr process that involved two 

electron transfer steps [90]. The iodine/iodide redox reactions already discussed in this chapter 

explain the oxidation and reduction peaks of the electro-active perovskite that were observed as 

follows: 

 

2I-
(aq)                     I2(s) + 2e-                                         (16) 

 

 I2(aq) + I-
(aq)                    I3

- (aq)                                      (17) 

 

I3
-
(aq) + I-

(aq)                    I4
2-

(aq)                                     (18) 
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Redox reaction (18) does not show a reduction peak in the CV of this perovskite which is because 

the product, I4
2-

(aq), is an insoluble precipitate that does not react further [82]. The Randles-Sevcik 

equation (11) was used to investigate dependence of peak current (Ip) on scan rate (v). Plots of Ip 

against (v)1/2 are linear as seen in figure 4.32 (b). Examination of peak-peak separation (in figure 

4.32 (a)) shows shift with scan rate. The process of electron transfer is therefore electrochemically 

quasi-reversible [91]. Diffusion co-efficient (Dox and Dred) gives the rate at which the electro-active 

ions and the surface atoms of the electrode exchange in the electrolyte. The Dox and Dred were 

calculated to be 8.38 x 10-4 cm2/s and 7.94 x 10-4 cm2/s respectively, which indicates that the rate 

of electron transfer does not differ substantially during both reduction and oxidation processes. 

The electrochemical system is a multi-step electron transfer, where one electron transferred in 

every step [92]. The number of electrons was calculated using equation (22): 

 

Randles-Sevcik equation: 

 

Ip = 0.4463 nFAC (nFνD/ RT)1/2                             (21) 

 

where Ip represents current maximum in amps, n represents number of electrons transferred in the 

redox event (usually 1), A represents electrode area in cm2, F represents Faraday constant in C 

mol−1, D represents diffusion coefficient in cm2/s, C represents concentration in mol/cm3, ν 

represents scan rate in V/s, R represents gas constant in J K−1 mol−1, T represents temperature in 

K. 
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Ep/2,c - Ep,c = (56.5/n) mV                            (22) 

 

where Ep/2,c is the half cathodic peak potential, Ep,c is the cathodic peak potential and n is the 

number of electrons. 

 

It is necessary to establish whether currents measured during the CV experiments are related to 

charge carrier injection into the perovskite material or real Faradaic events for the perovskite [93]. 

First oxidation peak occurs at less positive potential than valence band, which implies that 

[CH3CH2NH3]SnI3 is irreversibly oxidized before hole injection can take place [94]. The second 

reduction peak matches the potential of the conduction band which means that an irreversible 

transformation of the electroactive species occurs before conduction band gets flooded with 

electrons. The photogenerated holes and the electrons do not corrode the electrode materials as 

they get transferred to electron transport layer (ETL) and hole transport layer (HTL) [95]. 

 

4.8.3 CV for [(CH3)2NH2]SnI3 perovskite 

  

The approach of studying the CV of [(CH3)2NH2]SnI3 perovskite adopted was the same as that 

used in [CH3CH2NH3]SnI3 above. The CV was first recorded over a potential range of -1.0 V to 

1.0 V at a scan rate of 0.05 V/s. Similarly, five peaks emerged which did not show when bare GCE 

in supporting electrolyte was recorded, labelled as peak a (Ip,a = 3.535 µA, Ep,a = 0.050 V), peak b 

(Ip,a = 7.620 µA, Ep,a = 0.375 V), peak c (Ip,a = 17.391 µA, Ep,a = 0.650 V), peak d (Ip,c = -2.737 µA, 

Ep,c = 0.365 V) and peak e (Ip,c = -18.003 µA, Ep,c = -0.220 V) as shown in figure 4.33 below. 
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Figure 4.33: CV for bare GCE in supporting electrolyte and bare GCE in 0.05 M [(CH3)2NH2]SnI3 

perovskite. 

 

Figure 4.34 (a) shows the CV studies of the perovskite in a narrowed potential window (-0.3V to 

1.0 V) at various scan rates and (b) shows the Randles plot of the perovskite established through 

plotting of peaks (c) and (e).  
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Figure 4.34: (a) CV for bare GCE in 0.05 M [(CH3)2NH2]SnI3 at various scan rates and (b) Randles 

plot for the perovskite. 

 

Reaction mechanism: 

The mechanism already explained in section 4.8.2 is used to explain electron transfer in 

[(CH3)2NH2]SnI3 perovskite. The mechanism is sequential electron transfer process electron-

transfer reversible process (ErEr) [96] The oxidation and reduction peaks, (a) to (e), recorded in 

this potential window are attributed to the iodine/iodide redox reactions (1), (2) and (3) which have 

been explained in ethylammonium tin iodide perovskite in section 4.8.2. 

 

Randles plots of Ip against (v)1/2 show linear dependence of peak current with scan rate as seen in 

figure 4.34 (b), which indicates that the electron transfer at the electrode-perovskite film interface 

is rapid, adsorption and diffusion controlled. Peak-peak separation (in figure 4.34 (a)) shifts with 

scan rate [89], hence the process of electron transfer is electrochemically quasi-reversible. 

Diffusion co-efficient (Dox and Dred) gives the rate at which the electro-active ions and the surface 

(a) (b) 
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atoms of the electrode exchange in the electrolyte. The Dox and Dred were calculated to be 8.97 x 

10-4 cm2/s and 8.93 x 10-4 cm2/s respectively, which implies that the rate of electron transfer is 

similar during oxidation and reduction processes. The system is a multi-step electron transfer that 

involves one electron [90]. 

 

 

4.8.4 CV for GASnI3 perovskite 

 

Figure 4.35 below shows the CV studies of GASnI3 perovskite recorded at wider potential range 

of -1.0 V to 1.0 V and 0.05 V/s scan rate. When the CV of bare GCE in the perovskite was 

investigated, 5 new peaks (excluding the supporting electrolyte’s peaks) showed, labelled (b) to 

(f). Peak a (Ip,a = 11.71 µA, Ep,a = -0.26 V) is oxidation peak of the supporting electrolyte and peak 

b (Ip,a = 26.129 µA, Ep,a = 0.345 V), peak c (Ip,a = 67.854 µA, Ep,a = 0.780 V), peak d (Ip,c = -16.449 

µA, Ep,c = 0.385 V), peak e (Ip,c = -24.710 µA, Ep,c = -0.220 V) and peak f (Ip,c = -42.154 µA, Ep,c 

= -0.380 V) originate from the electro-activity of the perovskite material. 
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Figure 4.35: CV for bare GCE in supporting electrolyte and bare GCE in 0.05 M GASnI3 

perovskite. 

 

CV studies of only GASnI3 perovskite, recorded at various scan rates, was established in the range 

of -0.5 V to 1.0 V. This window unfortunately does not exclude peak (a) which is an oxidation 

peak from the supporting electrolyte. Like the perovskites discussed in earlier sections, the anodic 

peaks shift slightly to the right and the cathodic peaks shift slightly to the left as the scan rate. 

Figure 4.36 (a) shows CV studies of the perovskite at various scan rates and (b) shows the Randles 

plot of the perovskite obtained through plotting peaks (c) and (d). 
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Figure 4.36: (a) CV for bare GCE in 0.05 M GASnI3 at various scan rates and (b) Randles plot for 

the perovskite. 

 

Reaction mechanism: 

Similar to the previously discussed perovskites, the electrochemical reaction steps for GASnI3 

follow the sequential electron transfer process electron-transfer reversible process (ErEr) [87, 88]. 

When the potential window was narrowed, four peaks were observed that are attributed to the 

oxidation and reduction of the perovskite, namely peak b, c, d and e. Reduction and oxidation 

reactions (16) and (17) explain the four peaks: 

 

2I-
(aq)                                  I2(s) + 2e-                    (16) 

 

I2(aq) + I-
(aq)                                I3

- (aq)                   (17) 

 

(a) (b) 
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Randles plots of Ip against (v)1/2 show linear dependence of peak current with scan rate (see figure 

4.36 (b)). which indicates that the electron transfer at the electrode-perovskite film interface is 

rapid, adsorption and diffusion controlled. Peak-peak separation (in figure 4.36 (a)) shifts with 

scan rate, hence the process of electron transfer is electrochemically quasi-reversible [89]. Dox and 

Dred differ substantially, with values of 1.10 x 10-3 cm2/s and 3.87 x 10-4 cm2/s respectively, 

indicating faster electron transfer during oxidation compared to reduction. The reaction involves 

transfer of one electron in multi-steps. 

 

 

(ii) MOCTPs 

 

4.8.5 CV for [GA][CH3CH2NH3]SnI3 perovskite 

 

The CV studies of [GA][CH3CH2NH3]SnI3 perovskite was recorded over a potential range of -1.0 

V to 1.0 V at 0.05 V/s scan rate. Seven new peaks appeared that did not show when GCE in 

supporting electrolyte was recorded under the same parameters, labelled (a) to (g). Peak a (Ip,a = 

16.81 µA, Ep,a = -0.26 V) is an oxidation peak of the supporting electrolyte. Peak b (Ip,a = 7.769 

µA, Ep,a = -0.130 V), peak c (Ip,a = 34.079 µA, Ep,a = 0.360 V), peak d (Ip,c = 47.485 µA, Ep,c = 

0.610 V), peak e (Ip,c = -5.641 µA, Ep,c = 0.385 V), peak f (Ip,c = -46.916 µA, Ep,c = -0.270 V) and 

peak g (Ip,c = -51.654 µA, Ep,c = -0.400 V) indicate that the perovskite is electro-active, see figure 

4.37.  
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Figure 4.37: CV for bare GCE in supporting electrolyte and bare GCE in 0.05 M 

[GA][CH3CH2NH3]SnI3 perovskite. 

  

A narrowed potential window of the range -0.5 to 1.0 V and scan rate of 0.05 V/s was established 

to focus the CV studies only to [GA][CH3CH2NH3]SnI3 electro-activity. Peak (a) could not be 

excluded in this established working potential window, but it was established to be the supporting 

electrolyte’s oxidation peak. Figure 4.38 (a) below shows the CV studies of the perovskite at 

various scan rates, (b) shows the Randles plot of the perovskite obtained through plotting peaks 

(d) and (e) for oxidation and reduction reactions respectively. The anodic peaks shift slightly to 

the right and the cathodic peaks shift slightly to the left as the scan rate increases.  
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Figure 4.38: CV for bare GCE in 0.05 M [GA][CH3CH2NH3]SnI3 at various scan rates and (b) 

Randles plot for the perovskite. 

 

Reaction mechanism: 

Similar to the SOCTPs, the electrochemical reaction steps for GASnI3 follow the sequential 

electron transfer process electron-transfer reversible process (ErEr) [87, 88]. The system has three 

reaction steps, in which all peaks are more pronounced relative to SOCTPs, which is due to 

improved electrochemical properties of MOCTPs. The following reduction and oxidation 

reactions explain the six peaks observed in this potential window of the CV of this MOCTP. 

 

2I-
(aq)                       I2(s) + 2e-                                       (16) 

 

I2(aq) + I-
(aq)                      I3

- (aq)                                    (17) 

 

(a) (b) 
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g 
I3

-
(aq)  + I-

(aq)                     I4
2-

(aq)                                   (18) 

 

Randles plots of Ip against (v)1/2 show linear dependence of peak current with scan rate as seen in 

figure 4.38 (b), which indicates that the electron transfer at the electrode-perovskite film interface 

is rapid, adsorption and diffusion controlled. Peak-peak separation (in figure 4.38 (a)) shifts with 

scan rate, hence the process of electron transfer is electrochemically quasi-reversible [89]. The 

electro-active ions and the surface atoms of the electrode exchange in the electrolyte (Dox and Dred) 

were 1.41 x 10-3 cm2/s and 6.02 x 10-4 cm2/s respectively. The process of oxidation of the 

perovskite had faster rate of electron transfer when compared to reduction process. The 

electrochemical system is a multi-step electron transfer where one electron is transferred in every 

reduction or oxidation step [86]. 

 

4.8.6 CV for [GA][(CH3)2NH2]SnI3 perovskite 

 

Figure 4.39 below shows CV studies of [GA][(CH3)2NH2]SnI3 perovskite recorded over a potential 

range of -1.0 V to 1.0 V at scan rate of 0.05 V/s. Like [GA][CH3CH2NH3]SnI3 perovskite in section 

4.8.5, seven new peaks that did not show with bare GCE in supporting electrolyte were recorded. 

Anodic peak (a) is an oxidation peak from the supporting electrolyte. Peak b (Ip,a = 4.885 µA, Ep,a 

= 0.040 V), peak c (Ip,a = 33.904 µA, Ep,a = 0.330 V), peak d (Ip,c = 51.460 µA, Ep,c = 0.640 V), 

peak e (Ip,c = -21.053 µA, Ep,c = 0.235 V), peak f (Ip,c = -52.629 µA, Ep,c = -0.280 V) and peak g 

(Ip,c = -59.379 µA, Ep,c = -0.400 V), indicate electro-activity of the perovskite. 
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Figure 4.39: CV for bare GCE in supporting electrolyte and bare GCE in 0.05 M 

[GA][(CH3)2NH2]SnI3 perovskite. 

 

A new working potential window was established in the range -0.5 V to 1.0 V at 0.05 V/s scan 

rate. Just like with guanidinium ethylammonium tin iodide, supporting electrolytes’ peak (a) could 

not be cut outside this established working potential window. Figure 4.40 (a) below shows the CV 

studies of the perovskite at this narrow potential window at various scan rates, (b) shows the 

Randles plot of the perovskite when peaks (d) and (e) were plotted for oxidation and reduction 

reactions respectively. Surface bound electro-active species was successfully and firmly 

immobilized onto the surface of glassy carbon electrode. This is based on the observation that 

anodic peaks shift slightly to the right and the cathodic peaks shift slightly to the left as the scan 

rate increases.  
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Figure 4.40: (a) CV for bare GCE in 0.05 M [GA][(CH3)2NH2]SnI3 at various scan rates and (b) 

Randles plot for the perovskite. 

 

Reaction mechanism: 

This electrochemical system follows the sequential electron transfer process electron-transfer 

reversible process (ErEr) as well [87, 88]. All peaks are more pronounced relative to SOCTPs, 

confirming improved electrochemical properties of MOCTPs relative to SOCTPs. The following 

reduction and oxidation reactions explain the peaks observed in this potential window of the CV 

of [GA][(CH3)2NH2]SnI3. 

 

 

2I-
(aq)                       I2(s) + 2e-                                      (16) 

 

I2(aq) + I-
(aq)                      I3

- (aq)                                    (17) 

(a) (b) 
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b 

 

I3
-
(aq)  + I-

(aq)                     I4
2-

(aq)                                   (18) 

 

The I4
2-

(aq) species in reaction (18) was not reduced probably because it is an insoluble precipitate 

as mentioned before. Randles plots of Ip against (v)1/2 show linear dependence of peak current with 

scan rate as seen in figure 4.40 (b), which indicates that the electron transfer at the electrode-

perovskite film interface is rapid, adsorption and diffusion controlled. Peak-peak separation (in 

figure 4.40 (a)) shifts with scan rate, hence the process of electron transfer is electrochemically 

quasi-reversible [87, 89]. The Diffusion coefficient (Dox and Dred) were calculated to be 1.21 x 10-

3 cm2/s and 7.44 x 10-4 cm2/s respectively. The rate of electron transfer was faster when the 

perovskite was oxidized compared to when it was reduced. The system is a multi-step electron 

transfer that involves one electron in every reduction or oxidation step [86, 89]. 

 

4.8.7 Electrochemical band gap 

 

Table 1 shows the electrochemical band gaps of the 5 perovskites, which were calculated using 

equations (23) and (24): 

 

 

 

 

 

 

http://etd.uwc.ac.za/



162 
 

EHOMO = -eV [Eox onset + 4.41] and ELUMO = -eV [ Ered onset + 4.41]                 (23) 

 

Energy band gap (Eg) = EHOMO - ELUMO                                                               (24) 

 

where Eox onset and Ered onset are the potentials for the first oxidation peak and first reduction 

peak respectively. The value 4.41 is obtained from addition of half potential of ferrocene standard 

(0.41 V) - ferrocene value (-4.8 V). 

 

The band gaps followed the order; GASnI3 > [GA][(CH3)2NH2]SnI3 > [GA][CH3CH2NH3]SnI3 > 

[(CH3)2NH2]SnI3 > [CH3CH2NH3]SnI3. This order is similar to that obtained from optical band 

gap studies. Mixing guanidinium ion (ionic radius 278 pm) with organic cation of smaller ionic 

radius narrowed the band gap in the resulting mixed organic cation perovskite [97]. 

Ethylammonium and dimethylammonium have ionic radii of 274 pm and 272 pm respectively. 

The values obtained for electrochemical band gaps of GASnI3, [GA][(CH3)2NH2]SnI3 and 

[GA][CH3CH2NH3]SnI3 are closer to the optical band gaps of the respective material. 

[CH3CH2NH3]SnI3 and [(CH3)2NH2]SnI3, however, shows significant difference between 

electrochemical and optical band gaps as seen in table 4.2 below. 
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Table 4.2: Calculated electrochemical band gaps relative to the respective perovskite materials. 

 

Perovskite EHOMO (eV) ELUMO (eV) Electrochemical 

band gap (eV) 

Optical band 

gap (eV) 

[CH3CH2NH3]SnI3  -4.175 -5.225 1.050  2.89 

[(CH3)2NH2]SnI3 -4.160 -5.225 1.060 2.87 

GASnI3 -3.945 -5.205 1.260 1.46 

[GA][CH3CH2NH3]SnI3  -3.960 -5.160 1.200 1.44 

[GA][(CH3)2NH2]SnI3 -3.956 -5.160 1.204 1.45 

 

 

 

4.9 Electrochemical Impedance Spectroscopy (EIS) results 

 

The AC potential was biased at 0 mV in all recorded EIS experiments as this leads to low induced 

diffusion current and simplified electrical circuit [30]. The real (Z′) part is plotted on the x-axis 

against the imaginary part (Z′′) on the y-axis to obtain the Nyquist plot over a frequency range in 

Ohm (Ω). This plot gives a relation to the electrical model [98], however the Nyquist plot does not 

give information about the frequency used to record any chosen point [99, 100]. In contrast, the 

Bode plot shows information about frequency hence is usually preferred over Nyquist plot [86]. 

In the Bode plot, the log frequency is plotted on the x-axis against the log of modulus of impedance 

and the absolute values of phase-shift on the y-axis. 
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4.9.1 EIS for [CH3CH2NH3]SnI3 perovskite 

 

Presented in figure 4.41 below are the Nyquist and Bode fitted plots of a bare GCE in 0.05 M 

[CH3CH2NH3]SnI3, where supporting electrolyte comprised of dichloromethane (CH2Cl2, 

anhydrous, 99.8%), 2mM benzoquinone and 0.1 M tetrabutylammonium hexafluoro phosphate. 

This electrochemical system was adopted from Li et al. [101].  

 

 

 

 

 

  

 

 

 

 

Figure 4.41: (a) Nyquist and (b) Bode plots for [CH3CH2NH3]SnI3. 

 

The equivalence circuit that was used to fit the impedance data is shown in figure 4.42 below, 

while the values obtained for elements of the circuit are shown in table 4.3. The series resistance 

(Rs) represents resistance of substrate, which recorded Rs = 1113 Ω for this perovskite. The parallel 

resistor charge transfer resistance (Rct) recorded Rct = 6325 Ω while capacitor (CPE) constant 

phase element recorded CPE = 0.836 nF.  Both parallel resistor and capacitor represent the band 

(a) (b) 
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bending at the interface, resulting in an imperfect capacitor [102]. The diffusion component 

adheres to Warburg-type of diffusion of ions in solution. This is given by the recorded value of 

Wo = 0.517  Ωs1/2 , Warburg element (open) Wo.  

 

 

 

Figure 4.42: Equivalence circuit used to analyze the EIS data for [CH3CH2NH3]SnI3. 

 

Table 4.3: Values of the elements of the circuit used to fit [CH3CH2NH3]SnI3 EIS data. 

 

Element Value  % Error 

Rs (Ω) 1113 0.306 

Rct (Ω) 6325 1.301 

CPE1- P (nF) 0.836 0.489 

Wo1-P (Ωs1/2) 0.517 1.735 

 

 

When a semiconductor electrode is immersed in an electrolyte, a space charge layer/ Helmholtz 

layer interface is formed. The motion of charge carrier (electrons or holes) through this interface 

can be explained through modelling from macroscopic impedance as parallel and series resistors 

and capacitors [103]. From the EIS studies of [CH3CH2NH3]SnI3, it was observed that the 
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perovskite film shows 2 time-constants in complex plane plot. The  EIS spectrum can be fitted to 

an ideal parallel resistor and capacitor circuit in the high frequency range. This region corresponds 

to the space charge layer of the perovskite film [103]. A transition in to a linear region is observed 

in the Nyquist plot for this perovskite, which indicates an additional diffusion component to the 

recorded overall capacitance [104]. This electrochemical system has the smallest charge transfer 

resistance amongst the perovskites studied in this research, Rct = 6325 Ω while Rs was high, Rs = 

1113 Ω, indicating a high electron transfer rate at the electrode-electrolyte interface [105]. This 

faster rate of electron transfer was also corroborated by CV studies whereby the diffusion 

coefficients were very high, making this SOCTP ideal for solar cell and other applications. 

 

 

4.9.2 EIS for [(CH3)2NH2]SnI3 perovskite 

 

Figure 4.43 below shows the Nyquist and Bode plots of bare GCE in 0.05 M [(CH3)2NH2]SnI3 

perovskite, where the supporting electrolyte comprised of dichloromethane (CH2Cl2, anhydrous, 

99.8%), 2mM benzoquinone and 0.1 M tetrabutylammonium hexafluoro phosphate. Same 

electrochemical system setup adopted is same as in section 4.9.1 above.  
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Figure 4.43: (a) Nyquist and (b) Bode plots for [(CH3)2NH2]SnI3. 

 

The equivalence circuit that was used to fit the EIS data for the [(CH3)2NH2]SnI3 perovskite is 

shown in figure 4.42 above while the elements of the circuit and their fitted values are shown in 

table 4.4 below. This perovskite recorded series resistance Rs = 1084 Ω which is lower than that 

recorded for [CH3CH2NH3]SnI3 in section 4.9.1 above. This system recorded parallel resistor Rct 

= 7212 Ω which is higher than that recoded for [CH3CH2NH3]SnI3 perovskite while capacitor 

(CPE) constant phase element recorded same value of CPE = 0.517 nF. Both the parallel resistor 

and capacitor conform to imperfect capacitor behavior [103]. The diffusion component in this 

system adheres to Warburg-type of diffusion of ions in solution as well, which recorded a value of 

Wo = 0.517  Ωs1/2.  

 

 

 

 

(a) (b) 
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Table 4.4: Values of the elements of the circuit used to fit [(CH3)2NH2]SnI3 EIS data 

 

Element Value % Error 

Rs (Ω) 1084 0.323 

Rct (Ω) 7212 1.333 

CPE1-P (nF) 0.837 0.479 

Wo1-P (Ωs1/2) 0.517 2.139 

 

 

 It was observed that the EIS spectrum for [(CH3)2NH2]SnI3 perovskite film shows same behavior 

as [CH3CH2NH3]SnI3, showing 2 time-constants in complex plane plot. The  high frequency region 

corresponds to the space charge of the [(CH3)2NH2]SnI3 perovskite since the spectrum can be fitted 

to an ideal parallel resistor and capacitor circuit in the high frequency range [106, 107]. Linear 

region is also observed in the Nyquist plot for this perovskite, which indicates an additional 

diffusion component to the recorded overall capacitance. This electrochemical system has the 

small charge transfer resistance Rct = 7212 Ω  while series resistance recorded Rs = 1084 Ω, which 

is comparable to the values obtained in the perovskite discussed in section 4.9.1 above. Both EIS 

and CV studies show similar observations whereby [CH3CH2NH3]SnI3 and [(CH3)2NH2]SnI3 

SOCTP have similar electrochemical behavior, showing the best electron transfer reactions.   
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4.9.3 EIS for GASnI3 perovskite 

 

Figure 4.44 below shows the Nyquist and Bode plots of a bare GCE in 0.05 M GASnI3 perovskite, 

where the supporting electrolyte comprised of dichloromethane (CH2Cl2, anhydrous, 99.8%), 

2mM benzoquinone and 0.1 M tetrabutylammonium hexafluoro phosphate.  

 

 

 

 

 

 

 

 

 

 

Figure 4.44: (a) Nyquist and (b) Bode plots for GASnI3. 

 

The same equivalence circuit (figure 4.42) was used to fit the impedance data of GASnI3 

perovskite, while the values obtained for the various elements of the circuit are shown in table 4.5 

below. GASnI3 recorded series resistance Rs = 1194 Ω, parallel resistor Rct = 18201 Ω while 

constant phase element recorded CPE = 0.843 nF. The Rct recorded for this SOCTP is way too 

larger than that of perovskites discussed in sections 4.91 and 4.92 above. This means that electron 

transfer for GASnI3 perovskite is poor compared to the other discussed SOCTP materials [105, 

(a) 

 

(b) 
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106]. Guanidinium ion has the largest ionic radius of 278 pm, in which its cationic species 

(GASnI3)
+ is large and diffuses slower at the electrode/ solution interface. This observation agrees 

with CV studies whereby GASnI3 had lower diffusion co-efficient compared to the other 2 

SOCTPS. However, both the parallel resistor and capacitor for this perovskite still conform to 

imperfect capacitor behavior  [103]. The diffusion component in this system adheres to Warburg-

type of diffusion of ions in solution as well, which recorded a value of Wo = 0.488  Ωs1/2.  

 

Table 4.5: Values of the elements of the circuit used to fit GASnI3 EIS data. 

 

Element Value % Error 

Rs (Ω) 1194 0.346 

Rct (Ω) 18201 1.997 

CPE1-P (nF) 0.843 0.410 

Wo1-P (Ωs1/2) 0.488 3.379 

 

 

The EIS spectrum for GASnI3 perovskite film shows same behavior as the perovskites discussed 

in sections above, showing 2 time-constants in complex plane plot. The  high frequency region is 

attributed to correspond to the space charge of this perovskite whereby its  spectrum can be fitted 

to an ideal parallel resistor and capacitor circuit in the high frequency range. Linear region is also 

observed in the Nyquist plot for this perovskite, which indicates an additional diffusion component 

to the recorded overall capacitance [103]. This electrochemical system has the small charge 

transfer resistance Rct = 7212 Ω  while series resistance recorded Rs = 1084 Ω, which is comparable 
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to the values obtained in the perovskite discussed in section 4.9.1 above. Both EIS and CV studies 

show similar observations whereby [CH3CH2NH3]SnI3 and [(CH3)2NH2]SnI3 SOCTP have similar 

electrochemical behavior, showing the best electron transfer reactions.   

 

4.9.4 EIS for [GA][CH3CH2NH3]SnI3 perovskite 

 

Nyquist and Bode plots of a bare GCE in 0.05 M [GA][CH3CH2NH3]SnI3 are shown in figure 4.45 

below, where the supporting electrolyte comprised of dichloromethane (CH2Cl2, anhydrous, 

99.8%), 2mM benzoquinone and 0.1 M tetrabutylammonium hexafluoro phosphate.  

 

 

 

 

 

 

 

 

 

  

 

Figure 4.45: (a) Nyquist and (b) Bode plots for [GA][CH3CH2NH3]SnI3 perovskite. 

 

(a) (b) 
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The equivalence circuit that was adopted to fit the EIS data for [GA][CH3CH2NH3]SnI3 MOCTP 

is shown in (figure 4.42) above. The various elements and their values are shown in table 4.6 

below. This MOCTP recorded series resistance Rs = 862.2 Ω, resistance to charge transfer Rct = 

12552 Ω while constant phase element recorded CPE = 0.861 nF. The Rct recorded for this MOCTP 

shows a significant reduction compared to GASnI3 SOCTP. This means that electron transfer was 

greatly improved when guanidinium and ethylammonium ions were mixed [105]. The resulting 

mixture of organic cations has reduced ionic radius since ethylammonium has ionic radius of 274 

pm. The cationic species ([GA][CH3CH2NH3]SnI3)
+  diffuses faster at the electrode/ solution 

interface, resulting to faster electron transfer in the kinetics of the system [105]. The EIS studies 

corroborate with CV studies, in which [GA][CH3CH2NH3]SnI3 showed higher diffusion co-

efficient compared to GASnI3. Both the parallel resistor and capacitor for this perovskite  follow 

imperfect capacitor behavior [106, 107]. The diffusion component in the system adheres to 

Warburg-type of diffusion of ions in solution, which recorded a value of Wo = 0.519 Ωs1/2.  

 

Table 4.6: Elements and their values of the plotted EIS data for [GA][CH3CH2NH3]SnI3 

perovskite. 

 

Element Values % Error 

Rs (Ω) 862.2 0.349 

Rct (Ω) 12552 1.289 

CPE1-P (nF) 0.861 0.355 

Wo1-P (Ωs1/2) 0.519 4.886 
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The same electrochemical behavior is shown by [GA][CH3CH2NH3]SnI3 film EIS spectrum as 

with the perovskites discussed in sections above, showing 2 time-constants in complex plane plot. 

The  high frequency region here is also attributed to space charge of this perovskite, whereby its  

spectrum can be fitted to an ideal parallel resistor and capacitor circuit in this frequency range. 

Linear region is also observed in the Nyquist plot, indicating that there is an additional diffusion 

component to the recorded overall capacitance. Both EIS and CV studies show that this species of 

mixed organic cations has improved electrochemical properties in comparison to GASnI3 SOCTP, 

making it better suited for solar cell application [106].  

 

4.9.5 EIS for [GA][(CH3)2NH2]SnI3 perovskite 

 

Fitted EIS data is shown in the Nyquist and Bode plots of a bare GCE in 0.05 M 

[GA][(CH3)2NH2]SnI3, where the supporting electrolyte comprised of dichloromethane (CH2Cl2, 

anhydrous, 99.8%), 2mM benzoquinone and 0.1 M tetrabutylammonium hexafluoro phosphate. 
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Figure 4.46: (a) Nyquist and (b) Bode plots for [GA][(CH3)2NH2]SnI3 perovskite. 

 

The adopted equivalence circuit to fit the EIS data for [GA][(CH3)2NH2]SnI3 perovskite is shown 

in Figure 4.47 while the elements of the circuit and their fitted values are shown in table 4.7. This 

MOCTP  Rs = 742.1 Ω,  Rct = 13357 Ω and CPE = 0.845 nF. The Rct recorded for this MOCTP 

shows a significant reduction compared to GASnI3 SOCTP but slightly higher than that of 

[GA][(CH3CH2NH3]SnI3 MOCTP. This means that electron transfer was greatly improved when 

guanidinium and dimethylammonium ions were mixed [103, 105]. This result was expected since 

the resulting mixture of organic cations has reduced ionic radius owing to smaller ionic radius of 

dimethylammonium ionic radius (272 pm). The EIS studies corroborate with CV studies for this 

perovskite, in which [GA][(CH3)2NH3]SnI3 showed higher diffusion co-efficient compared to 

GASnI3. Both the parallel resistor and capacitor for this perovskite  conform to imperfect capacitor 

behavior. The diffusion component in the system adheres to Warburg-type of diffusion of ions in 

solution, which recorded a value of Wo = 0.433 Ωs1/2. 

 

(a) (b) 
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Figure 4.47: The equivalence circuit that was used to fit [GA][(CH3)2NH2]SnI3 EIS data. 

 

Table 4.7: Elements and their values of the plotted EIS data of [GA][(CH3)2NH2]SnI3 perovskite. 

 

Element Values % Error 

Rs (Ω) 742.1 0.304 

Rct (Ω) 13357 0.905 

CPE1-P (nF) 0.845 0.263 

Ws1-P (Ωs1/2) 0.433 2.493 

 

 

The lower the value for  Rct, the more desirable is the perovskite for a more effective and rapid 

transporting ability for the electron and hole, which would further improve the performance of the 

PSC especially the fill factor [108]. Additionally, the value of CPE is closely related to the surface 

area of the material. The larger the CPE, the larger the surface area [109, 110]. The material with 

larger surface area is likely to promote the power conversion efficiency of the photovoltaic solar 

cell. Amongst these perovskites, the CPE values are comparable, but the two MOCTPs have the 

highest CPE values, which suggests that they are likely to improve the PCE. 
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4.9.6 Combined EIS studies 

 

The EIS data of all 5 perovskites were plotted together in the Nyquist and Bode plots to compare 

their electrochemical behavior. Figure 4.48 shows the Nyquist plots while figure 4.49 shows the 

Bode plots. 

 

 

 

 

 

 

 

 

 

 

Figure 4.48: Nyquist plots for all the 5 perovskites. 

 

From the plot of log frequency vs log |z| (figure 4.49 (a)), it is observed that the total impedance 

of the electrodes decreased, which is caused by Ohmic resistance from the solution resistance. The 

total impedance increased at lower frequencies due to additional resistance in the system 

contributed by charge transfer resistance [111]. At lower frequencies, the impedance follows the 

order; [CH3CH2NH3]SnI3 < [(CH3)2NH2]SnI3 < [GA][(CH3)2NH2]SnI3 < [GA][CH3CH2NH3]SnI3 

< GASnI3. The lower the total impedance at lower frequency, the more conductive the material is. 
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The mixed organic cation perovskites show better conductive properties based on the log 

frequency vs log phase angle studies, figure 4.49 (b). GASnI3 has phase angle at lower frequency 

while the rest of the perovskites have phase angle almost at same frequency, which is an indication 

that GASnI3 is more resistive to current and is a poor conductor. Guanidinium has the largest ionic 

radius amongst these organic cations, hence the larger the cation, the less conductive is the semi-

conductor material. [GA][(CH3)2NH2]SnI3 and [GA][CH3CH2NH3]SnI3 have higher phase angles 

compared to the single organic cations and they are shifted to higher frequencies. These two 

perovskites also showed higher currents in CV studies after GASnI3.  

 

 

 

 

 

 

 

 

 

 

Figure 4.49: Bode plots: (a) log frequency vs log |Z| (b) log frequency vs phase angle for all the 5 

perovskites. 

 

 

(a) (b) 
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ITO 

Al 

Fabrication of SOCTP and MOCTP-based photovoltaic devices 

 

4.10 Photovoltaic cells (PVC) fabrication and characterization  

 

Planar device architecture was adopted to prepare SOCTP and MOCTP-based photovoltaic cells, 

a method that was used by Chen et al. [112]. Details of the methodology are found in chapter 3. A 

thickness of 75 nm aluminium layer was achieved during its thermal deposition. Figure 3.1 below 

shows the architecture of the perovskite solar cell device showing separation and transport of 

photogenerated charges. The expected band alignments in the structure of the device favors charge 

transport and collection [113-115].  

 

 

  

 

     

        

 

 

 

 

 

Figure 3.1: Planar structure device architecture adopted for perovskite solar cell 

(glass/ITO/PEDOT:PSS/perovskite layer/PCBM/Al). 
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When light energy strikes the perovskite (light absorber), charge separation of electron-hole pairs 

takes place, electrons jump from valence to conduction band and holes remain in the valence band 

of the perovskite. Since PEDOT:PSS has valence band at -5.0 eV, a value higher than the valence 

band of the perovskites, it can extract the generated hole pairs and transports them [112]. On the 

other hand, PCBM has a conduction band at -4.2 eV, which is lower energy compared to the 

conduction band of the perovskite. This is ideal for PCBM to extract the excited electrons in the 

conduction band of the perovskite. This process generates electricity which is measured from the 

aluminium and ITO contacts. The devices were further characterized by measuring the current 

density (J) in (mA/cm2) against  voltage (V). This was recorded between -0.2 V to 1.0 V in the 

dark and in with illumination of 100 mW/cm2. The J-V curve generated shows that the current 

density increases with increasing voltage for both SOCTPs based and MOCTPs based photovoltaic 

cells (see figure 4.50 and 4.51). 

 

(i) SOCTPs 

 

Figure 4.49 below shows J-V curves of the various photovoltaic cells for SOCTPs both in dark 

and under 1 sun illumination. All these photovoltaic cells do not show pronounced shift between 

recordings in dark and under light, probably due to short circuit. 

 

 

 

 

http://etd.uwc.ac.za/



180 
 

 

                                                                                

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.50: J-V curves for (a) GASnI3, (b) [(CH3)2NH2]SnI3 and (c) [CH3CH2NH3]SnI3 

photovoltaic cell devices. 

 

 

(a) (b) 

(c) 
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The Power conversion efficiency (PCE) of the devices were calculated using equation (9) below. 

  

η = Pmax/ Pin = FF × Jsc × Voc/ Pin                                           (9) 

 

where Voc represents open circuit voltage, Jsc represents short circuit current density, FF represents 

fill factor and Pin represents incident power (100 mW/cm2). 

 

Table 4.5 below shows the device performance parameters of the photovoltaic cells (PVC). The 

power conversion efficiencies of GASnI3, [(CH3)2NH2]SnI3 and [CH3CH2NH3]SnI3 perovskite 

devices were calculated to be 0.68, 0.12 and 0.11% respectively. The values of Voc and Jsc are too 

small to give good PCE, which suggest poorly formed thin films that were used to fabricate these 

devices. 

 

 

Table 4.8: Device performance parameters for the SOCTPs photovoltaic cells. 

 

Perovskite device Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

GASnI3   0.00614 0.00547 20.36 0.68 

[(CH3)2NH2]SnI3 0.00955 0.00632 20.10 0.12 

[CH3CH2NH3]SnI3 0.00611 0.00508 35.00 0.11 
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(ii) MOCTPs 

 

J-V curves of the MOCTPs are shown in figure 4.51 below. Just like with the SOCTPs, it is 

observed that the shift from curve obtained under dark to curve obtained under illumination with 

light is not much under non-optimized conditions. The Voc and Jsc values recorded are also close 

to zero value which lowers the PCE of the devices [116]. Device performance parameters for the 

MOCTPs solar cells are presented in table 4.9. 

 

 

 

 

Figure 4.51: J-V curves for (a) [GA][(CH3)2NH2]SnI3 and (b) [GA][CH3CH2NH3]SnI3 

photovoltaic cell devices. 

 

 

 

 

(a) (b) 
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Table 4.9: Device performance parameters for the MOCTPs photovoltaic cells. 

 

Perovskite device Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

[GA][(CH3)2NH2]SnI3 0.0755 0.0722 5.12 2.79 

[GA][CH3CH2NH3]SnI3 0.00604 0.105 19.00 1.20 

 

 

The [GA][(CH3)2NH2]SnI3 PVC shows a greater open circuit voltage (0.0755) and short circuit 

current density (0.0722 mA/cm2). This is attributed to the bigger grain sizes and increased light 

harvesting ability of the perovskite layer [117-119], hence a good power conversion efficiency 

(2.79%) has been achieved. [GA][CH3CH2NH3]SnI3 MOCTP based PVC recorded PCE of 1.20% 

which is better than any of the devices based on SOCTPs. However, good devices should have Voc 

value of close to 1.0 V, higher Jsc and lower FF (measure of the squareness of the curve) [74, 75].   

 

Xiao et al. made same observation, in which mixing organic cations led to improved device 

performance. They synthesis hybrid perovskites from single cations and mixture of 

methylammoiun and formamidinium  organic cations. Perovskites synthesized from mixture of 

exhibited increased short-circuit current, outperforming the cells prepared with pure 

methylammonium, and PCE of 10.55% [120]. In comparison, table 4.10 shows data values of 

device performance of MAPbI3 perovskite solar cells with different polystyrene concentrations 

reported by Kim et al., which follows same device architecture with devices produced in this 

research [121].  
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Table 4.10: MAPbI3 Device performance parameters with different polystyrene concentrations 

[121].  

 

Polystyrene concentration (wt%) Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

0 17.2 0.96 69.4 11.7 

1.5 19.0 0.95 70.7 13.0 

3.0 19.2 0.95 71.8 13.3 

4.5 15.0 0.97 73.5 10.8 

  

 

Essentially, a more stable PVC gives off better PCE [122, 123] . Stability of PVC comes from 

hierarchy of 3 major sources which include: (a) component material and interfaces (light absorber, 

contacts and electrodes), (b) Cell operating conditions and device stress and (c) Module and 

packaging including encapsulation [124]. Optimizations studies to get the best thickness for 

perovskite thin film as well as for PCBM and PEDOT:PSS may be necessary to reduce chances of 

short circuit on the cells and improve on the efficiency of these devices.  
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CHAPTER 5 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

 

Mixed-organic-cations tin halide perovskites (MOCTPs) and single-organic-cation tin perovskites 

(SOCTPs) were successfully synthesized by sol-gel method. Microscopic characterizations by HR 

SEM and HR TEM showed the hexagonal and tetragonal cubical shape typical of nano-sized 

perovskite materials. XRD also confirmed the characteristic tetragonal perovskite structure for 

these materials. SAXS results complimented HR TEM by giving more information on particle 

shape, particle size distribution and volume of the particle sizes in the sample. All the perovskites 

except dimethylammonium tin iodide were core shell hollow spheres with more than one particle 

size distribution at different particle size volumes in the samples. FTIR results showed all IR bands 

expected from the various perovskite chemical structures which include N-H stretch, C-H sp3, C-

H stretch aldehyde, N-H bend, C-N sp3 band and N-H wag, which confirm successful formation 

of the characteristic perovskite bonds during synthesis steps. Spectra of (13C) NMR confirmed a 

shift upfield of the carbon atom in precursors as it bonded to Sn metal in the perovskite chemical 

structure, e.g. the carbon atom of guanidinium iodide precursor shifts from 110.57 ppm to 38.49 

ppm in the GASnI3 SOCTP. The same observation was seen in the MOCTPs, e.g. C-2 and C-3 

atoms of ethylammonium iodide precursor shifted upfield from 37.03 ppm to 15.69 ppm as well 

as from 16.06 ppm to 14.39 ppm respectively in [GA][CH3CH2NH3]SnI3. Both FTIR and 13C NMR 

spectra revealed that the organic cations do not bond with each other when they are mixed but 

bond with Sn, giving the expected chemical structures of these compounds. In addition to external 
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and internal morphology studies, UV-Vis was used to study the optical properties of the various 

perovskites. 

 

It was established from UV-Vis studies that the MOCTPs exhibited improved optical properties 

compared to their counterparts (SOCTPs). A red-shift in absorption was observed from the 

MOCTPs relative to the SOCTPs resulting in a narrow energy band gap (Eg) for MOCTPs 

compared to the SOCTPs, e.g. guanidinium ethylammonium tin iodide perovskite had a band gap 

of 1.44 eV while ethylammonium tin iodide perovskite had a band gap of 2.89 eV. The narrowed 

energy band gap makes the MOCTP novel perovskites have ability to harvest more solar energy, 

hence better suited for photovoltaic application. CV and EIS were used to study the 

electrochemical properties of the MOCTPs and SOCTPs. From CV studies, it was found that the 

peak currents for MOCTPs is higher than those of SOCTPs, which makes MOCTPs to generate 

more electricity compared to SOCTPs. And from EIS studies MOCTPs showed reduced log 

impedance, improved phase angle, and reduced charge transfer resistance compared to SOCTPs 

which indicates that the conductive properties of MOCTPs were enhanced relative to SOCTPs. 

The SOCTPs and MOCTPs were successfully used as light absorbers in photovoltaic cells and 

subsequently their power conversion efficiency (PCE) were tested. 

 

The PCE was calculated from the plot of current density-voltage (J-V). It was found that the novel 

MOCTPs have improved photovoltaic properties compared to the SOCTPs, e.g.  310 % increase 

from GASnI3 perovskite to [GA][(CH3)2NH2]SnI3. This increase in PCE for MOCTPs is because 

of steric hindrance resulting from the surface structural modification of the mixed-organic-cations, 
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which leads to improved perovskite film formation. In addition, mixing these organic-cations 

promoted passivation of perovskite surface defect sites, which helped hinder charge recombination 

and improved charge transfer efficiency. Table 5.1 summarizes the enhancements in MOCTPs 

properties achieved in this research, using GASnI3 as SOCTP and [GA][(CH3)2NH2]SnI3 as 

MOCTP. 

 

Table 5.1. Characteristic parameters and their percentage change effected by mixing organic 

cations. 

 

Parameter SOCTP MOCTP % change 

Optical band gap (eV) 1.46 1.45 0.68 decrease 

Electrochemical band gap (eV) 1.26 1.20 4.76 decrease 

Current (µA) 28.78 51.26 78.1 increase 

Dox (cm2/s) 1.01 x 10-3 1.26 x 10-3 1.37 increase 

Rct (Ω) 18201 13357 26.61 decrease 

log impedance 4.56 4.27 6.36 decrease 

Phase angle (°) 51.2 52.1 2.54 increase 

PCE (%) 0.68 2.79 310 increase 
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5.2 Recommendations 

 

The approach of using multiple organic-cations as A-site in the perovskite structure yielded 

improved perovskite film morphology as well as improved power conversion efficiency in the 

solar cells fabricated from these new materials. It is recommended that further studies are done on 

mixed-organic cation tin halides to increase PCE to levels higher that 2.79% which was obtained 

in this research. Optimization studies of MOCTPs ([GA][CH3CH2NH3]SnI3 and 

[GA][(CH3)2NH2]SnI3) is recommended for preparation of photovoltaic cells with an improved 

PCE. The reported efficiencies in this research did not include optimization studies of the different 

layers of the photovoltaic cells to achieve maximum possible power conversion efficiency. The 

short circuit in synthesized perovskites are most likely due to non-optimal conditions and non-

optimal morphological perovskite features [1, 2]. 

 

It is also recommended to use 100% glove box conditions to study tin halide perovskites since tin 

oxidizes easily from Sn2+ to Sn4+ [3-6]. This oxidation causes hole doping of the material and 

formation of tin oxides that promote degradation. Working under non-glove box conditions 

compromises the quality of the perovskite thin films. Since the adopted cell structure (planar 

architecture) suffers high charge mobility and versatility by the limit in the photovoltage due to 

the presence of sub-gap states and low intrinsic doping densities [7], it may be necessary to design 

a combination of both planar and mesoscopic device architectures. 
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More research still needs to be done to improve stability of photovoltaic cells. This problem is also 

observed in section 4.10 of this research whereby the fabricated devices showed some instability 

shortcomings. Increase in polymer molecular weight of the compounds needs to be done since 

increase in polymer molecular weight results in decrease in the density of the material’s radical 

effects, hence improves the stability and PCE [8] of the device. Recently, devices that last 

thousands of hours under constant illumination have been reported [9-11] hence employing their 

strategies on mixed-organic tin halide perovskites would need to be investigated. PVCs that can 

withstand UV illumination have also been reported [12] which could have applicable procedures 

to help improve stability of the synthesized perovskites in this research. Furthermore, information 

on PVCs that are more resistant to extrinsic degradation factors such as oxygen and water [13, 14] 

could be explored amongst hybrid perovskites of mixed-organic-cations. Successfully designing 

more stable solar cells, would improve solar cell efficiency and lifetime. 

 

Moisture-induced degradation of organic-inorganic lead halide perovskites is evident from the 

disappearance of the XRD peaks related to the initial perovskite structure while new peaks 

corresponding to the degradation of PbI2 and I2 emergence [15, 16]. Moreover, the formation of I2 

is triggered only when both moisture and light are present. XRD peaks corresponding to SnI2 

degradation product were observed in section 4. 4. This shows that the perovskite degrades quicker 

hence it is recommended that stringent PVC encapsulation is developed to ensure extended outdoor 

lifetime. 
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