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ABSTRACT 

Perovskite solar cells have recently piqued the scientific community's interest due to 

their outstanding performance, which has seen them achieve up to 25% power 

conversion efficiency (PCE) after just 7 to 8 years of development. Numerous 

advantages including lower raw material costs and simplicity of manufacture, have 

contributed to their growing popularity. However, several reasons limit their 

commercialization, one of which is the presence of lead (Pb). The concerns remain 

over potential impacts to the environment and human health arising from the use of 

toxic lead. Therefore, it is crucial to develop the perovskite that is Pb free. The initial 

part of this work is to develop caesium gallium bromide (CsGaBr4) perovskites, 

replacing lead with gallium from the existing lead-containing inorganic perovskites. 

Secondly, its was improved by incorporating the iodine into CsGaBr4 forming caesium 

gallium iodobromide (CsGaIBr3). Finally, the efficiency of synthesized nanoparticles 

was achieved through doping CsGaIBr3 with terbium (Tb) and samarium (Sm), 

respectively. The micrograph obtained from HRSEM indicates that the synthesized 

nanoparticles are hollow spherical and the terbium and samarium doped nanoparticles 

show the spherical shapes covered with the flower-like structure on the surface, which 

is a common morphology of the doped inorganic perovskites. Upon incorporating Sm 

and Tb into the CsGaIBr3 lattice, highly crystallized and well-oriented CsGaIBr3 

crystals were successfully constructed. The prepared Sm-doped and Tb-doped 

CsGaIBr3 exhibited more homogeneous morphology with much smaller grains as 

compared to the none-doped CsGaIBr3 and CsGaBr4 nanoparticles. The particle size 

of the synthesized nanoparticles was obtained to be 33.5, 23, 23.5 and 29 nm for 

CsGaBr4, CsGaIBr3, CsGaIBr3-Sm and CsGaIBr3-Tb respectively.  Crystal structures 

of the synthesized nanoparticles were found to be cubic which is an expected shape 

for perovskites. From the simulated structure of CsGaIBr3-Sm and CsGaIBr3-Tb, it was 

found that the incorporated lanthanides (Sm and Tb) occupy some of the gallium 

position from the cubic structure. It indicates CsGaIBr3 was successfully doped with 

Sm and Tb respectively. The energy gap of CsGaBr4, CsGaIBr3, CsGaIBr3-Sm and 

CsGaIBr3-Tb nanoparticles were found to be 1.84, 2.51, 1.85 and 1.94 eV from a 

generated Tauc plot respectively. These energy gaps indicated that when CsGaIBr3 

nanoparticles are doped with Sm and Tb, significantly improved the energy gap. 

CsGaIBr3-Tb has low ohmic resistance (Rct) of 295.3 Ω amongst all the synthesized 
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nanoparticles, hence it resulted in high conductivity. This was expected because of its 

small band gap energy. The Rct of CsGaBr4, CsGaIBr3 and CsGaIBr3-Sm are 4671, 

3885 and 7918 Ω. I-V curve illustrated the efficiency of 0.67%, 0.28%, 0.66% and 

1.24% for CsGaBr4, CsGaIBr3, CsGaIBr3-Sm and CsGaIBr3-Tb respectively. 
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Chapter 1  
 

Introduction 

1.1 Background  

Renewable energy technology must be developed to address the looming climate 

change and energy crisis caused by the use of conventional fossil fuels. The most 

promising approach amongst them is photovoltaics (PV). PV uses solar cells to 

generate power. Although the word “cell” is used, solar cells do not store electric power 

like other cells. They are devices that convert light energy from the sun into electricity. 

A solar cell is comprised of two types of semiconductors with different properties. One 

is called an N-type semiconductor, and the other is called a P-type semiconductor. 

When light shines on a solar cell, positively and negatively charged particles move 

around inside the cell, and this flow of particles generates electricity. Recently, silicon-

based PVs dominate the market. However, the major drawbacks lie in the cost of the 

fabrication process and involve high-temperature processing for silicon cells [18]. The 

most inventive way to replace Silicon-based cells is to use developing technologies 

such as organic-inorganic halide perovskites-based solar cells (PSCs), which can 

improve energy conversion efficiency while lowering processing costs. The diversity 

of their crystallographic and chemical structure, as well as the tunability of their large 

bandgap energy, are all advantages of this type of material [10]. However, as 

compared to inorganic perovskites solar cells, organic-inorganic halide perovskites-

based solar cells lack much stability and heat. The main reason for this is the organic 

portion of the perovskite [17, 18]. Hence there is a need to develop inorganic solar 

cells which are thermally stable, have high energy conversion efficiency and have low 

cost for the fabrication process. 

 

1.2 Problem statement 

The global energy crisis and environmental pollution are the two most pressing issues 

that civilization has recently confronted. As previously stated, sunlight has shown to 

be the most reliable green energy source, making solar energy research an ideal way 

for tackling both energy and environmental issues, as opposed to the typical fossil fuel 

energy method. A photovoltaic device is a device that uses the photovoltaic effect of 
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metals and inorganic semiconductors to convert sunlight directly to electricity. The 

semiconductor material is the most important component of photovoltaics since it is 

responsible for absorption and, as a result, decides how much energy the photovoltaic 

device absorbs. As previously mentioned, silicon-based solar cells are currently 

preferred but due to the limitation stated above, researchers have come up with the 

substitution, perovskites-based solar cells. The recently developed perovskites are 

hybrid organic-inorganic halide perovskites (i.e. CH3NH3PbI3, CHNH4PbI3) which 

perform similar to the silicon-based solar with a power conversion efficiency (PCE) of 

25% [5, 15 , 17]. Environmental problems for perovskite solar cells are widely known. 

The presence of a hazardous heavy metal in perovskite solar cells is the same as in 

CdTe solar cells. Though, they suffer instability due to the organic material in the 

perovskite cell. Therefore to solve this problem, inorganic cations (Rb+, Cs+, etc) are 

incorporated to form inorganic perovskites [9, 17].  The better performing inorganic 

perovskite are those that contain Caesium (Cs) with a PCE of up to 24.3% (i.e. CsPbI3, 

CsPbI2Br) with low cost and fabrication processes [14]. However, Cs-based 

perovskites contain toxic material that is also harmful to the environment, lead (Pb) [8, 

9]. Hence there is a need to develop lead-free perovskites with high PCE, low cost, 

easy fabrication processes, stable and less-toxicity. Tin- or bismuth-based 

compounds, as well as double perovskites with an elpasolite structure, have been 

proposed as potential stoichiometries [19]. For the successful production of perovskite 

nanocrystals, various approaches have been introduced. Template-assisted methods 

and colloidal-based reactions have been used to make metal halides, whereas solid-

state or molten-salt reactions and colloidal processes have been used to make 

perovskite oxides. The concentration is mainly on colloidal approaches due to the 

limited utilization of metal halide nanocrystals generated by template-assisted 

methods in energy applications. Despite the fact that solid-state and molten-salt 

syntheses are more convenient than colloidal ones in the case of oxides, the latter has 

the advantage of attaining better control of nanocrystal properties [1, 6]. 

1.2.1. Rationale and Motivation 

South Africa is currently experiencing a power crisis, which has resulted in load-

shedding; the present price of electricity is exorbitant; energy is non -renewable; and 

so on. Because energy is such a vital part of modern living, it has become an 

increasingly attractive research topic. Solar energy is an excellent source of energy 
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for meeting most of the world's demands because the incident energy from the sun on 

the planet in a day exceeds the world's current energy output. Hence there is a need 

for renewable energy to be implemented and improved such as solar cells. Jino et al. 

solved the above-mentioned limitation of perovskites by substituting the Pb with Tin 

(Sn) since they belong to the same family and have a similar electronic arrangement. 

Sn-Pb mixed doped perovskite solar cell was first synthesized and the bandgap was 

optimized by changing the ratio of Sn and Pb [3, 4]. The study indicated the potential 

replacement for Pb in perovskites solar cells, CsSnI3 [7]. However, CsSnI3 oxidizes 

easily in air and showed a PCE of 0.9% [13]. Germanium (Ge) was also used as the 

replacement for Pb to avoid toxicity and Cs to strengthen the stability of the perovskite. 

Ge-based halide perovskites are much more stable than Sn-based perovskites and it 

has received much researcher's attention [2, 12]. However, it tends to oxidize in the 

air [2]. A possible solution to the encountered problems with existing inorganic 

perovskites can be solved by incorporating gallium (Ga) as a substitute for Pb to avoid 

toxicity. Ga-based perovskites do not oxidize easily in the presence of air. It is 

noticeable that doping perovskites and ion substitution have a positive effect for 

tailoring the optoelectronic properties such as adsorption bandgap, quantum yield 

(QY),  photoluminescence emission (PL) and stability of perovskite nanocrystals [16]. 

Hence it is of great significance to develop doped Ga-based perovskites doped with 

Samarium (Sm) and/ terbium (Tb). 

1.3 Research aims and Objectives 

1.3.1 Aim 

The main aim of this study is to reduce the toxicity of the perovskites nanoparticles 

that is caused by the presence of lead (Pb) and to increase the absorption efficiency 

by doping the synthesized lead-free perovskite with samarium and terbium 

respectively. This will be achieved by incorporating gallium into the structure of the 

CsPbX3 perovskite to synthesize new perovskite nanoparticles containing gallium, 

CsGaBr4, CsGaIBr3, CsGaIBr3-Sm and CsGaIBr3-Tb. The aim of the study will be 

achieved by the following objectives (in sequence). 
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1.3.2 Objectives 

The objectives of this work are: 

1) To synthesize caesium gallium iodobromide CsGaBr4 and CsGaIBr3 using the 

Microwave-assisted technique 

2) To synthesize Terbium and Samarium doped caesium gallium iodobromide 

(CsGaIBr3-Tb and CsGaIBr3-Sm) respectively by using a microwave-assisted 

technique. 

3) Study the morphology, composition and optical by high-resolution 

scanning/transmission electron microscopy (HRSEM/HRTEM), Fourier 

Transform Infrared spectroscopy (FTIR) and energy-dispersive X-ray 

spectroscopy (EDS). 

4) To determine the crystallinity of the material through X-ray diffraction (XRD). 

5) To study electrochemical properties of the nanocrystalline material by cyclic 

voltammetry and electrochemical impendence spectroscopy (EIS) 

6) To develop and fabricate photovoltaic cells and determine their efficiencies 

and I-V curves. 

1.4 Thesis outline/structure 

The thesis is divided into five chapters, which are summarized below: 

Chapter one: presents a general introduction to the study, the problems that 

led to the study, the study's motivation and the study's aim and objectives. 

Chapter two: Presents a critical review of inorganic perovskites, types of 

existing Inorganic perovskites, lead-free based perovskite, their synthetic 

procedures and factors affecting their stability and efficiency. 

Chapter three: Describes the materials and reagents used in synthesis and 

characterization. The methods for microwave synthesis of perovskite and 

doped perovskites are described. The theory underlying the analytical 

techniques used throughout the project is thoroughly explained. 

Chapter four: Discusses the structural, optical, morphological and 

electrochemical characterization results. 

Chapter five: Conclusions and recommendations. 
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Chapter 2  

Literature review 

Lead-Free perovskites for photovoltaics application 

2.1 Introduction 

Recently, the economy is rapidly developing, the energy demand is rising very fast. 

The current usage of fossil fuels led to a shortage of energy and augmented 

environmental pollution, alternatively, the use of renewable energy such as solar 

energy has received high attention. The rapid growth and extensively used solar cells 

that are amongst the use of solar energy are made by the photovoltaic effect. From 

the photovoltaic industry, silicon-based solar cells are recognized as the foremost 

diversities of solar cells due to their established technology, high reliability, high power 

conversion and long service life [22]. The monocrystalline silicon photovoltaic cells 

possess a maximum power conversion efficiency of 26%. However, concurrently the 

deficits of low absorption efficiency, high material consumption  and high cost limit its 

development. To compete with the traditional energy sources, there is a necessity for 

the development of solar cells with low cost, high conversion efficiency, simple and 

convenient manufacturing process, appropriate for large-scale production [49].  

In recent years, perovskite materials fascinated remarkable attention from both 

industrial and academic communities. The graph in Figure 2.1, demonstrates that the 

perovskite solar cells (PSC) have drastically increased from their discovery in the year 

2012 to about 22.1% power conversion efficiency (PCE) over the past few years. Their 

PCE is higher than those of traditional photovoltaic devices. The perovskites materials 

demonstrated largely tunable bandgap (e.g CsPbX3 has a bandgap from 1.92 to 2.08 

eV) [17] and excessive light absorption coefficient (higher than 104 cm-1) [8, 27] that is 

similar to those of CdTe [30] and copper zinc tin sulfide (CZTS) [28]. Perovskite solar 

cells (PSC), particularly organic-inorganic hybrid perovskite solar cells, having good 

optical characteristics, high conversion efficiency and low production costs (e.g., 

MAPbX3, FAPbX3) have developed rapidly to the latest conversion efficiency 

exceeding 23% [9, 35]. Despite the rapid development of organic-inorganic hybrid 

perovskites, they lack stability due to the ion migration, the inferior organic cations 

have poor stability at certain conditions, at high temperatures, moisture and ultraviolet 

light, which prevent the commercial development and application of the device [42, 
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44]. In comparison to organic-inorganic hybrid perovskites, recent studies have 

revealed that inorganic perovskites can be used as an alternate light-absorbing 

material in solar cells and have demonstrated exceptional moisture and heat 

resistance. Recent research has found that the film characteristics of inorganic 

perovskites are nearly identical to those of organic cations [18]. With the improvement 

of the perovskite materials, the perovskite solar cells (PSC) are expected to be the 

leading solar cells for the future with low cost and infrastructure. 

 

Figure 2. 1: A trend of perovskite efficiency improvement compared to other 

types of photovoltaic devices.  Reprinted with permission  [3]. Copyright © 2018, 

Springer Nature. 

2.2 Material properties 

2.2.1 Crystal structure 

Perovskite materials are based on a general crystal structure of ABX3, where A and B 

are cations with different sizes and X is an anion. Figure 2.2 below shows the typical 

unit structure of a basic perovskite compound. Until now, the cations used in place of 

“A” are monovalent organic cations (CH3NH3+= MA+, CH(NH2)2+ = FA+) or an inorganic 

metal cation (Cs+, Rb+) and for “B” are divalent metal cation (Pb2+, Ge2+, Sn2+, Mg2+ 
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and Ca2+). The “X” from the general crystal structure represents halide ion (Cl -, Br-, I-

). Reprinted with permission [46]. 

Figure 2. 2: A general crystal structure of perovskite of the form of ABX3. 

Reprinted with permission  [46]. Copyright © 2012, Springer Nature. 

The metal halide perovskite formation is based on three factors: 1) the stability of the 

BX6 octahedron predicted by the octahedral factor μ, 2) the charge neutrality between 

the anion and cations and 3) the ionic radii of A, B and X are under the requirements 

of the Goldschmidt tolerance factor t [46]. The octahedral factor μ is used to determine 

the thermal stability of the BX6 octahedral (equation (1)). 

μ = 
𝑟𝐵

𝑟𝑋
            2.1 

where rB and rX are the ionic radii of B cation and the counter ion respectively. For the 

metal halide perovskite to be stable, the value of μ ranges between 0.442 and 0.895. 

The Goldschmidt tolerance factor t can be calculated using equation (2). It can 

determine whether different kinds of A, B and X can form the perovskite structure [20]. 

t =
(𝑟𝐴 +𝑟𝑋)

√2(𝑟𝐵 +𝑟𝑋)
           2.2 

Here, rA is the ionic radius of the monovalent metal cation. The value of the tolerance 

coefficient is found to be 0.8 < t < 1.0. figure (2.3) indicated the types of crystal 

structures likely to be formed as the value of t changes. 
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Figure 2. 3: The relationship between the tolerance factor and the crystal 

structure of perovskite. Reprinted with permission  [46]. Copyright © 2012, Springer 

Nature. 

2.3 Working principle 

The principle behind the PSC is described by the schematic diagram given in Figure 

2.4 below: 

 

Figure 2. 4: Schematic of the normal PSC architecture (a) and the working 

principle of the PSC. Reprinted with permission [13]. Copyright © 2018, Springer 

Nature. 
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Photons from a light source, illustrated as a yellow strike arrow from Figure 2.4 (b), 

pass through the glass and transparent electrode, as well as the electron transport 

layer, to reach the perovskite layer. If the photon's energy is greater than the 

perovskite material's energy gap, the photon is absorbed and excites an exciton in the 

active perovskite layer. The internal potential induced by the work function difference 

between the transparent and metallic electrodes separates the exciton into free charge 

carriers. The electrons are carried to the ETL, whereas the holes are carried to the 

HTL. The electrons are then transferred to the transparent electrode, while the hole is 

transported to the metallic electrode. The electron then travels through the wire that 

connects the two electrodes, causing a current to flow. The electron and hole 

recombine in the metallic electrode. 

The energy levels for each layer must be carefully planned for the PSC to function 

effectively. Because excited electrons and holes desire to recombine in order to save 

energy, charge carriers are also energy conservers, which means they will always take 

the path with the least resistance. Some recombination in the cell will be blocked by 

allowing charge carriers to follow an alternate route with the proper layer structure. 

This is accomplished by having the ETL's LUMO slightly lower than the active layer's 

LUMO, resulting in a more appealing path for the electron to go. The same is true for 

the HTL's HOMO, which needs to be a little higher than the active layer's HOMO in 

order for holes to have a more appealing path to follow. For the charge carrier's 

transportation chain to work, each layer in the cell has either a greater HOMO or a 

lower LUMO, as shown in Figure 2.4 above. 

2.4 ABX3 perovskite materials  

2.4.1 CsSnI3 perovskite material 

Tin (Sn) and lead (Pb) belong to the same chemical family and have similar electrical 

properties. Kanatzidis et al. created mixed Sn-Pb doped perovskite solar cells and 

improved the material's wide bandgap by adjusting the Sn/Pb ratio [14]. Their studies 

indicated Pb can be completely replaced by Sn as a light-absorbing material. Hence, 

further research was conducted using Sn as an alternative for Pb in PSC, where the 

remarkable perovskite material is CsSnI3 [7]. The structural information of CsSnI3 

compounds in a powder form was first studied and reported by Scaife et al. in 1974. A 

decade later, a yellow needle-like CsSnI3 crystallite and its crystal structure were 

synthesized by Mauersberger and Huber and they were individually identified [47]. 
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Supplementary data were provided before another polymorph of this compound was 

discovered by Yamada et al. The polymorph was named black CsSnI3 because of its 

glossy black color [47]. CsSnI3 materials change their phase at room temperature to 

exhibit two polymorphs: 1) one dimensional yellow double-chain structure(Y-CsSnI3) 

and 2) A three-dimensional black perovskite structure (B-γ-CsSnI3) (Figure 2.5) [2]. 

The B-γ-CsSnI3 perovskite possesses a photoelectric response, whereas the Y-

CsSnI3 perovskite does not. Hence the furthermost studies were based on the 

application of B-γ-CsSnI3 perovskite. The bandgap of B-γ-CsSnI3 is 1.3 eV with a 

spectral response extending to 950 nm and low exciton binding energy (10-20 meV). 

The latter suggests that most photogenerated carriers can be separated into free 

carriers with only a minor driving force [48]. 

 

 

Figure 2. 5: The models of B-γ-CsSnI3 and Y-CsSnI3 respectively. Reprinted with 

permission [39]. Copyright © 2018, American Chemical Society. 

These predominant properties are mainly suitable for solar cell applications. The 

Schottky solar cell was described based on B-γ-CsSnI3 in 2012 by Chen et al., which 

was fabricated through a vacuum-based technique. The solar cell is composed of a 

simple structure of indium tin oxide (ITO)/CsSnI3/Au/Ti [5]. Yet, the material, CsSnI3 

oxidizes easily when is exposed to air. The first article presented a PCE of only 0.9%. 

B-γ-CsSnI3 is a semi-conductor of a p-type direct bandgap with a carrier concentration 

of 1017 cm-3 and hole mobility of 585 cm2V-1s-1 [2]. However, B-γ-CsSnI3 is vulnerable 

to inherent defects concerning Sn vacancies [2]. Hence it is important to control the 

inherent defect concentration to enhance the B-γ-CsSnI3-based device. For example, 

the hole concentration can be tuned by Sn-rich growth conditions to a medium level. 

On the other hand, the excessive Sn can occupy the iodine sites and the SnI anti -site 

defects, therefore, act as recombination centres [48]. Concisely, moderate Sn-rich 

(a) B-γ-CsSnI3 (b) Y-CsSnI3 
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conditions are valuable to advance the performance of B-γ-CsSnI3-based devices. 

Therefore, it is certain to minimize the inherent defects produced by Sn vacancies to 

apply the B-γ-CsSnI3 material in solar cell devices [19]. These defects can be 

prevented through the Sn compensation method by adding extra Sn -containing 

compounds such as SnF2, SnI2 and SnCl2. The Sn-vacancies on the B-γ-CsSnI3 

material can be exhibited by these three compounds. Amongst these three 

compounds, SnCl2 can increase the stability of B-γ-CsSnI3-based devices 

substantially [2]. SnF2 easily forms a separate phase in CsSnI3 films [34], whereas 

SnI2 results in low stability. 

2.4.2 CsSnI3-xBrx based perovskite material 

Even though CsSnI3 PSCs possess high photocurrent, their efficiency is restricted by 

their low Voc. The Voc can be improved by substituting I with Br hence increasing the 

bandgap of the perovskite material [32]. For instance, the bandgaps of CsSnI3, 

CsSnI2Br, CsSnIBr2, CsSnBr3 were determined to be 1.27, 1.37, 1.65 and 1.75 eV 

respectively, by modulating the Br content. The device Voc is also increased by the 

addition of Br content [32]. The enhanced charge recombination resistance when I is 

slowly replaced by Br is related to the lower background of the density carrier by many 

orders of magnitude compared to CsSnI3. The increase in Voc did, however, 

necessitate obtaining a high photocurrent. Hence, the main goal to optimize the device 

performance of this type of material is to raise the photocurrent. The incorporation of 

Br in organic-inorganic halide was reported to increase perovskite stability (MAPbI3) 

of the device, whereas if incorporated in CsSnI3 perovskite results with a minor effect 

on its stability [32]. the instability of CsSnI3xBrx is in terms of the Sn2+ to be oxidized 

to Sn4+. Therefore, reducing the Sn vacancies minimizes the formation of Sn 4+ to 

improve the device performance. The precursor can be stabilized effectively by the 

addition of reductive while minimizing the Sn vacancy concentration and 

correspondingly suppressing charge recombination [21]. Again, the method of 

preparing CsSnIBr2 films by adding hypophosphorous acid (HPA) can eliminate the 

formation of Sn vacancies. The P-O bond from HPA can firmly coordinate with Sn 2+ 

for CsSnIBr2 compound to be stable [10]. the device showed an improvement of PCE, 

Voc = 0.31V, Jsc = 17.4 mAcm2, FF = 0.56 lastly, PCE = 3.2% when CsSnIBr2 solution 

and HPA was embedded on TiO2/Al2O3/C structure. 
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2.4.3  ASnX3 with varying inorganic cations at the A site  

The Voc of CsSnI3-based devices is principally restricted by small ionization potential 

(≈ 4.9 eV), which is equivalent to half of the Pb-based perovskite [23]. Substituting Br 

with I from CsSnI3 perovskite material can improve the ionization potential and its 

bandgap also increases the Voc of the device. Adding smaller-sized Rb cation on the 

A site to form Cs1xRbxSnI3 [16], the ionization potential of the material rose to 5.45 eV 

[24]. Cs0.8-Rb0.2SnI3 PSCs displayed better device efficiency of 2.64%. 

2.4.4  Ge-based perovskite 

To avoid toxicity, germanium (Ge) can be used to substitute lead (Pb), with Cs added 

to improve stability. Germanium is typically utilized as a dopant to provide customized 

semiconductor characteristics when other elements are added in the correct quantities 

[33]. In the bonding of s and p electrons, Ge generates sp3 hybrids. When Ge is 

integrated into perovskite, it moves off-center along the diagonal in its octahedral 

surrounds, resulting in greater bonding to three of the halogens and inherent 

perovskite stability [24]. The germanium-based perovskites were synthesized 

experimentally and they did not show phase transition over a wide range of operating 

temperatures, displaying stable rhombohedral crystal structures. The stability of these 

compounds reaches the maximum temperature of 150 C. the Ge-based perovskite 

reserves the same structure as ABX3 materials with suitable bandgaps for solar cell 

application.  

The bandgap is tunable by substituting different halides, 1.53, 2.32 and 3.67 eV were 

calculated for CsGeX3 (where X = I, Br and Cl) respectively [24]. Since the CsGeI3 has 

a lower bandgap amongst the three, it has gained much attention from researchers, it 

also oxidized easily to a yellow phase when exposed to air, the same way as CsSnI3. 

Germanium and tin-based perovskites materials have strong antibonding properties in 

comparison to Pb-based compounds near the maximum valence band (MVB) because 

of their active Ge 4s and Sn 5s lone pairs. This leads to the sudden hole formation at 

the MVB of the perovskite material, hence bringing oxidation of Sn2+/ Ge2+ to Sn4+/ 

Ge4+. Based on the calculations, CsGeI3 is a p-type semiconductor [24], The hole 

density can be controlled by changing the chemical potential of its elements. For 

example, if CsGeI3 is prepared under Ge-rich environments it can be a semiconductor 

material with a low hole density with improved conductivity.  Hypothetically, this 

material can serve as a light absorbent material for the application of solar cells. Yet, 
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the strong short-range potential at Ge-Ge covalent bond results in the defects of I in 

CsGeI3 result as a deep electron defect than those in MaPbI3 and CsSnI3, which 

significantly limits electron migration and then it affects the Voc of solar cells [33].  

Krishnamoorthy et al. used DMF as a precursor and chose TiO2 and MeOTAD as ETL 

and HTL, which is the first reported solar cell based on CsGeI3 material. The cell 

possessed a low Voc and PCE of 74 mV and 0.11% respectively [31]. the poor quality 

of the perovskite is the result of the low performance of the device [26]. The instability 

of CsGeI3 by the air is a big problem in an optoelectronic field. The possible strategy 

can be by mixing germanium with tin to synthesize new perovskite material. 

2.5 Preparation methods 

The mechanisms of all-inorganic perovskite preparation are quite similar to those of 

organic-inorganic perovskite. The use of precursor materials shows a slight difference. 

The importance of the circumstances for perovskite layer deposition has been 

underlined, as has the immense intricacy of the relationship between precursors and 

solvents. Nucleation kinetics, transformation processes, intermediates and structure-

properties interactions of perovskite films have all been studied extensively [26]. 

Although more research is needed to understand the effects of various elements in 

the deposition process on the characteristics of the resulting perovskite films. Solution 

processing and vacuum deposition are the two most used processes for perovskite 

material deposition (Figure 2.6). Also, the hybrid of the two methods can be used. 
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Figure 2. 6: System of the various perovskite deposition methods. Reprinted with 

permission [34]. Copyright © 2017 American Chemical Society. 

Here, the solution processing method is fast and easy to process. Hence it is mostly 

in the synthesis of perovskite-like compounds in system Cs-Pb-Br, i.e., CsPbBr3, 

CsPb2Br5 and Cs4PbBr6 [19, 25]. They are also less expensive and compatible with 

roll-to-roll device manufacturing. The deposition is mostly accomplished using the 

spin-coating stages (one and two). In a one-step deposition, the precursors and 

solvent are mixed in the same solution. For example, in a one-step procedure, the 

precursor solution of CsPbI3 is achieved by mixing PbI2 and CsI in a mixture solvent 

of N, N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). The process of 

spin coating the resulting solution on the substrate film and annealing at 320oC form 

the black phase achieving the perovskite film. This is the simplest method, but it has 

poor solar cell performance reproducibility and results in the formation of different 

perovskite crystal sizes [26]. You et al. [40] solved this problem by developing the 

solvent-controlled growth (SCG) method, where after the spin -coating of the 

perovskite precursor, before annealing at 350oC for 10 min in a nitrogen glove box, it 

is dried first for 0-50 min (Figure 2.7). 
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Figure 2. 7: Crystallization procedures of CsPbI3-perovskite through solvent-

controlled growth (SCG). Reprinted with permission  [40]. Copyright © 2018, Springer 

Nature. 

It entails the production of the active inorganic perovskite material in two desperate 

phases for inter-diffusion or two-step spin-coating. The MAPbI layer is outspread by 

soaking or spin-coating on a dried PbI2 deposited on the substrate in modern two-step 

spin-coating for the production of MAPbI3 film, for instance [26]. Liu et al. [9] produced 

CsPbBr3 by using this method. Firstly, they spin-coated the PbBr2 precursor and DMF 

solvent mixture. The dissolved CsBr in methanol was spin -coated onto the first layer 

after it was annealed for a few minutes to generate the inorganic perovskite CsPbBr3. 

The goal of developing this technology was to improve perovskite growth control 

crystal formation. However, some impurities like CsPb2Br5 and Cs2PbBr6 can be 

produced during this process, resulting in the decline of the device's performance. 

Again, more time is needed to transform PbI2 completely into perovskite [22, 43]. 

Hence the annealing temperature and time are essential for the repeatability and 

uniformity of the preparation of perovskite. When compared to one-step spin coating, 

the PbI2 layer enfolds the substrate more uniformly. The division of the evaporation of 

the solvent and the growth of perovskite in the two-step deposition method permits 

improved control of the perovskite film morphologies. Nonetheless, in the precipitation 

process of CsPbI2Br, the big variance among CsBr and PbI2 solution solubility confer 

the two-step process unsuitable for CsPbI2Br inorganic perovskite film [36]. 

2.6 Perovskite inorganic solar cell device stability. 

The stability of inorganic perovskite solar cells is shown to be superior to that of hybrid 

solar cells. Some studies have demonstrated that inorganic solar cells, with or without 

encapsulation, exhibit good stability under certain conditions. For instance, Zhou et 
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al.[40] compared the PSCs stability of CsPbI2Br and MAPbI3 at different stages: 

immediately after corresponding MPP (Maximum Power Point) operation. Their work 

results that CsPbI2Br exhibits important long-term stability under continuous light 

illumination at MPP tracking during 1500 h, in comparison to its MA counter-part: 

without any encapsulation. in the same tendency, You and co-workers [44] have 

established a high-performance inorganic perovskite with better photostability for more 

than 500 h without dropping efficiency. Recently PSCs based on perovskite QDs were 

developed and showed good functional stability over 400 h under progressive light 

irradiation and with no encapsulation [1]. Certainly, under the ambient conditions 

(R.H.> 40%) the device engaging CsPbBrxI3-x indicated a good shelf-stability against 

the humidity. Various technologies, like encapsulation, HTL and ETL optimization, and 

interface layer passivation, have been developed to further increase the device's 

stability. 

2.7 Characterization of device 

To compare and contrast various materials and technologies, it's critical to evaluate 

solar cell performance with trustworthy measurements. Some of the metrics that 

measure the performance of solar cells are short circuit current density, open -circuit 

voltage, fill factor and energy conversion efficiency [32]. The sun emits a spectrum of 

wavelengths ranging from ultraviolet to visible to infrared. Part of the UV light is filtered 

off by ozone in the environment. Water and carbon dioxide mostly block infrared 

radiation, resulting in lower irradiance peaks in the sun spectrum. When the sun is 

directly overhead, its path through the atmosphere is the shortest. If the sky is clear, 

the greatest radiation can strike the Earth in that situation. The air mass (AM) is the 

length of the path. Its value is estimated to be 

AM = 
1

𝐶𝑜𝑠 𝜃
           2.3 

where 𝜃 is the angle of the Sun's elevation. For solar cell efficiency measurements, 

the standard solar spectrum is AM1.5G (global). The spectrum is adjusted to have an 

integrated irradiance of 1000 W m-2 (radiant energy flow per unit area). Light diffusion 

occurs when sunlight scatters in the atmosphere. Diffuse light makes up about 15% of 

the total light. Rough surfaces are better at collecting diffuse light than flat surfaces. 

Figure 2.8 depicts the AM1.5G solar irradiation spectrum. 
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Figure 2. 8: AM1.5G solar irradiation spectrum. Reprinted with permission [12]. 

Copyright © 2017, American Chemical Society. 

The current density-voltage (I-V) properties of solar cells have traditionally been used 

to assess their performance. Photocurrent data are obtained while the bias voltage is 

changed progressively during the measurement. The short circuit current, Isc, and 

open-circuit voltage, Voc, can be calculated using the recorded I-V curve. To get the 

short circuit current density, Jsc, divides the short circuit current by the irradiated area. 

The short circuit current density is the greatest current density that a solar cell may 

achieve under short circuit conditions, i.e., a circumstance in which electrical power is 

provided to a circuit across two conductors with low resistance [43]. Using the I-V 

measurement data, other key parameters such as the fill factor, FF, and the energy 

conversion efficiency, may be computed. 

Figure 2.9 shows an I-V curve with the open-circuit voltage, short-circuit current 

density and maximum power point highlighted. 
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Figure 2. 9: The current-voltage curve. Reprinted with permission  [41]. Copyright © 

2021, American Chemical Society. 

As illustrated in Figure 2.9, Jm x Vm (Pmax) is the product of photocurrent and 

photovoltage at the voltage when the power output is at its maximum. The fill factor 

indicates the squareness of the I-V curve. The value can be obtained from the 

equation: 

FF = 
𝑃𝑚𝑎𝑥

𝐼𝑠𝑐  𝑉𝑜𝑐
           2.4 

The fill factor has a number that ranges from 0 to 1. The ideal value is 1, but this cannot 

be achieved in practice due to physical limitations in the diode quality of the solar cell. 

The main source of the deviation from ideal behavior is recombination at the junction, 

which can be expressed in terms of series and shunt resistances. The higher series 

resistance indicates poor conductivity across the active layers and less charge carrier 

injection to the electrodes. Flaws in the photoactive layers or current leakage at the 

solar cell's contact between layers create decreased shunt resistance [2]. 

The energy conversion efficiency is given as: 

η = 
𝐼𝑠𝑐 𝑉𝑜𝑐 𝐹𝐹

𝑃𝑖𝑛 𝐴𝑐𝑒𝑙𝑙
 =

𝐽𝑠𝑐 𝑉𝑜𝑐 𝐹𝐹

𝑃𝑖𝑛
          2.5 

 

Where Pin is the incident light's irradiance on a cell's surface and Acell is the region 

irradiated by incident light. Perovskite solar cells have a record efficiency of 20.1 ± 0.4 
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percent. The champion cell has a 1.059 V open-circuit voltage and a 24.65 V short 

circuit current density. mA/cm2, with a 77% fill factor [32]. 

The incident photon-to-current conversion efficiency, or IPCE, of solar cells, or 

external quantum efficiency, can also be measured. The photocurrent density 

produced in the external circuit under monochromatic illumination is divided by the 

photon flux, eϕ, that strikes the cell to calculate IPCE. IPCE is obtained by [42]: 

IPCE = 
𝐽𝑠𝑐 (𝜆)

𝑒𝜙(𝜆)
 = 1240

𝐽𝑠𝑐

𝜆𝑃𝑖𝑛 𝜆
          2.6

  

where λ is the wavelength. 

2.8 Perovskites solar cells measurement.  

In order to effectively quantify the performance of perovskite solar cells, a number of 

criteria must be considered. The fundamental issue is I-V curve hysteresis, which is 

influenced by the measurement equipment as well as the solar cell structure. Every 

cell's hysteresis is distinct. The cause of the hysteresis is still unknown. Following a 

few rules will help you avoid making mistakes with your performance interpretation 

and depiction [50, 51]. The I-V curves are typically generated by sweeping the 

potential difference between the working and counter electrodes while concurrently 

monitoring the current response. For each device, the sweep rate should be carefully 

selected, preferably about 140 sweep points with a duration between sweeps of 10 

ms [12, 29]. The recorded curve does not indicate steady-state performance if the 

sweep rate is quicker than the device's response time. Hysteresis in the I-V curves is 

caused by the sweep direction. The effect of the sweep rate is seen in Figure 2.10 (a). 

The steady-state output contains the actual numbers used to calculate the various 

parameters utilized in the PCE computation. The effect of scan direction is also seen 

in Figure 2.10 (b). The device's true output is somewhere between the forward and 

reverse scan curves [11, 38]. 
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Figure 2. 10: The effect of sweep scan rate (a) and the scan rate direction (b) to 

the I-V curve. Reprinted with permission [6]. Copyright © 2015, American Chemical 

Society. 

The resultant current density values can be confirmed by measuring and integrating 

the IPCE spectra over the AM1.5G solar spectrum. The integrated current density is: 

𝐽𝑆𝐶,𝐼𝑁𝑇 = 
𝐹 𝑥 ʃ(𝐸𝑒𝜆  𝑥 𝐼𝑃𝐶𝐸)𝑑𝜆

𝑁𝐴
          2.7 

 

The Avogadro constant is NA, the Faraday constant is F and the sun spectral irradiance 

is Eeλ. If the measurements were done correctly, the integrated and measured current 

density values should be nearly identical [52, 53]. 

Prior to the measurements, the solar cells should be masked. This prevents the cell's 

performance from being underestimated or overestimated. Masking also ensures that 

the readings are repeatable. The light should enter the compartment through a single 

aperture in a mask. This keeps light from entering the cell from outside [15]. Finally, if 

an accurate evaluation of the device's performance is sought, the following recently 

published guidelines should be followed [54, 55]. The illumination source must be 

calibrated, the measured cell must be masked and the measurement position, i.e., the 

distance between the source and the cell, must always be the same. Jsc and Voc 

steady-state values must be determined and stability must be checked. J-V should be 

measured in both forward and reverse orientations at varied scan rates. Finally, the 
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calculated current density is confirmed by subtracting the matching number from the 

IPCE data [4, 45].  
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Chapter 3  

Synthesis and characterization techniques 

3.1 Experimental 

This chapter is primarily concerned with the description of the methods and 

investigation techniques employed in the development of the experiments conducted 

in this thesis. The first section provides a detailed description of the materials and 

chemicals used in this research. The fabrication parameters for both perovskite and 

interface materials are meticulously summarized. This chapter also includes 

information on how to prepare samples and photovoltaic devices for Perovskite-based 

solar cells. In addition to the comprehensive solar cell characterization techniques 

described, the chapter also includes comprehensive interface characterization 

techniques. 

3.1.1 Materials 

All chemicals and solvents were used without any purification. Cesium carbonate 

(Cs2CO3), 1-octadecene (ODE), oleic acid (OA), gallium bromide (GaBr3), oleyl-amine 

(OAm), ethyl acetate (EtAc), toluene, acetonitrile (ACN), hexane, gallium iodide (GaI3), 

terbium (III) chloride (TbCl3), samarium (III) chloride (SmCl3), dimethyl sulfoxide 

(DMSO), Silver paste (Ag), titanium diisopropoxide, ethanol. All chemicals were 

purchased from Sigma-Aldrich (Johannesburg, South Africa). 
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3.1.2 Method 

Microwave synthesis 

Figure 3.1: The Perovskite nanocrystals synthesis route. 

Preparation of CsGaX4 (X = Br, I/Br) nanocrystals: 

The procedure used is the modified method which was used by Pan et al [21]. In a 

typical experiment, a microwave reaction vial with a volume of 50 ml was used as the 

reactor. Cesium carbonate (0.105 g), Gallium bromide (0.367 g), Gallium iodide (0.22 

g), Oleic acid (2.5 ml), oleylamine (2.5 ml), 1-Octadecene were loaded into the 

microwave vial, the magnetic stirrer was put in place, the vial was then placed into the 

microwave reactor. The parameters of the solvent were set as non -polar. The heating 

time was set to 30 min, at the power of 750 W. The reaction duration was also 30 min 

for all the synthesized nanocrystals. When the reaction was completed, the reaction 

was cooled to room temperature. The solution was then centrifuged at 4500 rpm for 

15 min. The supernatant was discarded, then the pellet was centrifuged in the 

presence of 5 ml of hexane twice for 15 min. The precipitates were then dried in an 

oven overnight. The products were stored and ready for characterization. 

 

Synthesis Terbium and/ Samarium doped CsGaIBr3: 

The method followed for doping these nanocrystals was first reported by Pan et al [20] 

with some modifications. The above procedure of CsGaIBr3 synthesis was followed 
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but with the addition of 0.0822 g of TbCl3 and SmCl3 to synthesize CsGaIBr3-Tb and 

CsGaIBr3-Sm respectively. 

Fabrication of solar cells: 

 

Figure 3. 2: The device architecture of the prepared perovskite PV cells. 

Solution processing: 

The precursor solution of pristine compact-TiO2 was synthesized by dripping 1 ml 

titanium diisopropoxide into 9 ml ethanol, then the solution was stirred for 30 minutes 

at room temperature in the fume hood. One gram of each perovskite was dissolved in 

5 ml of hexane respective and sonicated for an hour. Copper zinc tin sulfide was 

synthesized following a method reported by Nwambaekwe K. et al [18]. CZTS (0.5 g) 

was dissolved in 2 ml isopropanol for further use.  

Spin coating procedure and parameters: 

Firstly, the compact TiO2 layer was prepared by spin-coating 30 μl of TiO2 precursor 

solution in intervals of 10 μl on the ITO substrate at 4000 rpm for 20 seconds per coat. 

Then the film was annealed at 150 C for 10 min and finally underwent heat-treatment 

at 400 C for 30 min on a hot plate. The second layer to be coated was Perovskite 

solution, the same procedure was followed but the heat-treatment at 400 C was left 

out. CZTS was coated following the same procedure, the lastly the silver paste was 

applied and dried at 150 C on the hot plate before the cell went for application. 

3.2 Characterization techniques 

Analytical Techniques used 

Analytical methods are sets of techniques that are used to determine the chemical, 

physical or optical nature of a material and also to quantify certain species within the 
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material under study [30]. The following analytical techniques were employed in this 

work. 

3.2.1 High-resolution scanning electron microscope (HRSEM) 

In this work, HRSEM was employed to investigate the surface morphological 

properties of the synthesized nanomaterial namely, CsGaBr4, CsGaIBr3, CsGaIBr3-

Sm and CsGaIBr3-Tb. To achieve this, the HRSEM images were recorded using an 

HRSEM Gemini LEO 1525 Model microscope [10, 29]. 

3.2.2  High-resolution transmission electron microscopy (HRTEM) 

The morphological, compositional and crystallographic information of the synthesized 

nanoparticle were obtained using HRTEM. To achieve this, HRTEM images were 

recorded using an FEI Tecnai G2 20 transmission electron microscope (TEM) coupled 

with EDX, operating at an accelerating voltage of 200 kV to analyze the synthesized 

nanoparticle [24]. 

3.2.3 Fourier-transform infrared spectroscopy (FTIR) 

FTIR is mainly used for qualitative analysis in which the functional groups of the 

sample are determined. In this work, FTIR was used to observe functional groups 

present in CsGaBr4, CsGaIBr3, CsGaIBr3-Sm and CsGaIBr3-Tb [9]. In order to achieve 

that, FTIR spectra were recorded using a PerkinElmer Spectrum 100 FTIR 

spectrometer at a range of 400-4000 cm-1 wavenumber. The powder samples were 

mixed with KBr before analysis. 

3.2.4  Ultraviolet-Visible Spectroscopy (UV-Vis) 

In this work, UV-Vis was used to investigate probable electronic transitions, allowing 

the optical bandgap of the as-synthesized nanomaterial to be determined [22, 26]. UV-

Vis measurements were taken using a Nicolet Evolution 100 UV-Visible spectrometer 

(Thermo electron, UK) at wavelengths ranging from 200 to 1000 nm [23, 32, 27]. The 

powder samples were dissolved in DMSO before analysis.  

3.2.5 Photoluminescence Spectroscopy (PL) 

Photoluminescence was used to analyze the emission of the samples in this study, 

which is an important technique for solar cell applications [3, 5]. To do this, the 

materials' fluorescence properties were recorded using a Horiba NanoLogTM - TRIAX 

(USA) system with double grating excitation and emission monochromators with a slit 

width of 5 nm [11]. 
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3.2.6 X-ray Diffraction (XRD) 

In this study, XRD was used to obtain the crystalline pattern, phase purity, crystallite 

size and lattice parameters of the synthesized nanostructured materials [9]. XRD 

measurements were taken with a D8 Advanced diffractometer from BRUKER AXS 

using an X-ray tube with copper K-alpha radiation operated at 40 kV and 40 mA and 

a position-sensitive detector Vantec_1 which enables fast data acquisition  [19]. 

Measurements were taken in the 2-theta range of 10⁰- 80⁰ with a step size of 0.028⁰ 

[23]. 

3.2.7 Electrochemistry 

In this work, cyclic voltammetry (CV) was utilized to evaluate the electrochemical 

parameters such as HOMO and the LUMO of the synthesized, CsGaBr4, CsGaIBr3, 

CsGaIBr3-Sm and CsGaIBr3-Tb nanoparticles [12, 15, 28]. In order to achieve this, the 

information was recorded using a traditional three-electrode set-up with a glassy 

carbon electrode (3 mm diameter, 0.071 cm2 area) as a working electrode, Pt wire as 

a counter electrode and Ag/AgCl wire as a reference electrode [2, 16, 17].  Repetitive 

scanning of nanoparticles (in 0.1 M lithium perchlorate prepared in acetonitrile) was 

measured from -0.5 to +1.5 V at the scan rate of 10-100 mVs-1. Electrochemical 

experiments were performed in 5 ml of 0.1 M LiClO4/acetonitrile electrolytic system 

[15, 31]. Following the same procedure of cyclic voltammetry experiment, 

electrochemical impedance spectroscopy of the synthesized nanoparticles was 

obtained in order to determine the charge transfer resistance [13, 14, 7]. 

3.2.8 Current-Voltage Curve (I-V). 

The I-V curve will have a perfect rectangular form if the Vmax is equal to Voc and the 

Imax is equal to Isc in an ideal solar cell [1, 4]. In this work, the I-V curve was used to 

examine/measure the efficiency of the synthesized nanomaterials. The photovoltaic 

performances of perovskite solar cells were measured using the Ossila source meter 

and the current density-voltage (I-V) curves of four devices were recorded [25]. The 

devices were prepared following the procedure mentioned in methodology [6, 8]. 

Fabrication of solar cells was ITO/TiO2/Perovskite/CZTS/Ag for all four prepared solar 

cells. Perovskite being CsGaBr4, CsGaIBr3, CsGaIBr3-Sm and/or CsGaIBr3-Tb. 
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Chapter 4  
 

Results and Discussion 
 

This chapter presents the results that have been found from different characterization 

techniques performed, their analysis and their discussion. The used techniques 

include FTIR, XRD, HR-SEM, HR-TEM, UV-Vis, CV, I-V curve measurements, PL and 

EIS. The very important deductions and conclusions are constructed on calculated 

photovoltaic parameters. Solar cells were made in the open air with a relative humidity 

of about 60%. Perovskite fabrication is not repeatable due to moisture in the air and 

other atmospheric influences and degradation also varies. As a result, the photovoltaic 

characteristics of the prepared solar cell series are not comparable. 

4.1 . FTIR VIBRATIONAL BANDS 

 

Figure 4. 1: FTIR spectra of a) CsGaBr4 b) CsGaIBr3 c) CsGaIBr3-Sm and d) 

CsGaIBr3-Tb nanoparticles. 

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



44 
 

Fourier transform infrared spectroscopy was used to examine the surface state of the 

produced nanoparticles (FTIR). The analysis was performed with a Perkin Elmer 

spectrum analyzer. Two FTIR spectrometers were used. The spectrum of CsGaBr4, 

Figure 4.1(a), indicates the vibrational band at ~ 3375 cm-1 and 1488 cm-1, which 

corresponds to the N-H from oleylamine and COO- from oleic acid respectively. The 

vibration bands are present in all the synthesized nanoparticles as seen in Figure 4.1. 

These bands indicate that the oleylamine and oleic acid are still attached to the surface 

of the perovskite’s nanoparticles [1, 2]. The vibration band intensity is reduced by 

Incorporating iodine into CsGaBr4, Figure 4.1 (b). It is noticed that the vibrational band 

intensity of COO- is reduced as well as the N-H double vibrational band has been 

merged into one compound vibrational band. The disappearance of the vibrational 

band at ~ 1750 cm-1 indicates the presence of iodine in the synthesized nanoparticles, 

Figure 4.1 (b). The structural change can be seen on the XRD spectra below, Figure 

4.2. The successful CsGaIBr3 doped with samarium, figure 4.1 (c) can be seen by the 

presence of a third vibrational band at 1500 cm-1 from the COO- the vibrational band 

which corresponds to samarium [2, 3]. When the parent nanoparticles, Figure 4.1 (b) 

are doped with terbium, the vibrational band that was observed from samarium, 

disappeared and the vibration bands decreased in intensity with the sharp band at 

1500 cm-1. The vibrational band corresponding to C=O disappeared, Figure 4.1(d). All 

new and disappearance of the vibrational band from figure 4.1 are interpreted and 

seen clearly from the XRD spectra from Figure 4.2. 
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4.2 . PHASE COMPOSITION 
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Figure 4. 2: XRD pattern of a) CsGaBr4 and CsGaIBr3 b) CsGaIBr3, Sm-doped 

CsGaIBr3 and Tb-doped CsGaIBr3. c) XRD of profiles of various perovskites for 

(200) plane. d) The lattice constant evolution of perovskites crystals along with 

doping Sm and Tb. 

 

The crystalline structure of CsGabr4, CsGaIBr3 and, Tb and/ Sm-doped perovskites 

are evaluated by X-ray diffraction (XRD) and the results are given in Figure 4.2. There 

exist the new peaks after the partial substitution of Br with I, Figure 4.2(a), peaks at 

21.55, 33.46 and 37.24 corresponds to the perovskite phase with (110), (210) and 

(211) crystal phase respectively, are only observed at CsGaIBr3. This result proves 

the good crystal quality of the CsGaIBr3 [1, 2]. Incorporation of Tb3+ ion into CsGaIBr3 

halide does not change the perovskite structure (figure 4.2(b)) [3]. This is indicated by 

the (110), (210) and (211) planes of the CsGaIBr3 phase. However, the different peak 

intensity is dramatically enhanced by obeying an order of CsGaIBr3 > CsGaIBr3-Tb > 

CsGaIBr3-Sm (figure 4.2(a,b)). By comparing the (200) plane (figure 4.2(c)), the 

characteristic XRD peak positions have deviated. Intriguingly, the characteristic peak 
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shifts towards the higher angle and lower angle for Sm-doped and Tb-doped 

respectively, CsGaIBr3-Sm lattice contracted and CsGaIBr3-Tb lattice expanded in 

respective to CsGaIBr4. The variation range follows an order of CsGaIBr3-Tb < 

CsGaIBr3 < CsGaIBr3-Sm, implying the contraction of lattice constants of perovskite 

unit cell and remarkably stabilizing the perovskite phase [1, 4]. The lattice constants 

of CsGaBr4, CsGaIBr3, CsGaIBr3-Tb and CsGaIBr3-Sm were calculated from the XRD 

profile to be 4.769 Å, 5.236 Å, 5.251 Å and 5.279 Å respectively, as shown in figure 

4.1(d), while it gradually increases along with decreasing the atomic number of Ln3+ 

ions. The mechanism behind this phenomenon can be attributed to the lattice 

expansion owing to the bigger ions’ radius of Sm3+ (0.96 Å) and Tb3+ (0.92 Å) in 

comparison to 0.76 Å for Ga3+ ions. This verifies that the partial Ga3+ sites are 

substituted by Ln3+ ions [5, 6]. 

The average size of crystallite was estimated by using Scherrer’s formula from XRD 

[7]: 

𝐷 =  
𝐶λ

𝛽𝑐𝑜𝑠𝜃
      (4.1) 

where D is the crystallite size, C is the correction factor (0.94), β is the full width at 

half-maximum (FWHM) of the peak, λ is the wavelength of the X-ray and θ is Bragg's 

diffraction angle. The average crystallite sizes were calculated using Scherrer’s 

formula and the range was found to be 31.6281, 23.2563, 22.3989 and 33.8428 nm 

respectively for four samples as summarized in Table 1. It is found that the crystallite 

sizes CsGaBr4 and CsGaIBr3-Tb are less equal and for CsGaIBr3 and CsGaIBr3-Sm 

which is proved by the correspondence XRD peaks (Figure 4.2. a,b). The change in 

crystallite size was found to be 2.2147 nm and 0.8574 nm respectively, which is very 

small even after doping with Ln2+. Hence the crystal structure is conserved. The 

number of dislocations in a unit volume of a crystalline material is called dislocation 

density (δ). The defects amount in the crystal was calculated using the following 

formula [8]: 

𝛿 =  
1

𝐷2       (4.2) 

The values of dislocation density (δ) range from 1.8489 x 10-4 nm2 to 8.7311 x 10-4 

nm2. The values of dislocation density increased so little due to the introduction of Ln 2+ 

and are summarised in Table 4.1, which indicates the small defects in the samples. 
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Table 4. 1: Microstructural parameters of the CsGaBr4 and CsGaIBr3 doped Tb 

and Sm samples. 

Samples Crystallite size, 

D (nm) 

Dislocation density 

δ (x10-4/ (nm2)) 

CsGaBr4 31.6281 9.9966 

CsGaIBr3 23.2563 1.8489 

CsGaIBr3 -Sm 22.3989 1.9932 

CsGaIBr3 -Tb 33.8428 8.7311 

 

4.3 . SURFACE MORPHOLOGY 

4.3.1 Scanning Electron Microscopy (SEM)  

The surface appearance of the prepared CsGaBr4, CsGaIBr3, CsGaIBr3-Sm and 

CsGaIBr3-Tb perovskites were studied using a scanning electron microscope. The 

instrument used for this analysis is ZEISS ULTRA scanning electron microscope with 

acceleration voltage of 5.0 kV 
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Figure 4.3: SEM images of a) CsGaBr4 b) CsGaIBr3 c) CsGaIBr3-Sm and d) 

CsGaIBr3-Tb. 

The micrograph obtained showed that the nanoparticles were agglomerated forming 

large nanoparticle clusters. Comparison of the four nanoparticles shows a denser 

morphology for CsGaIBr3-Tb followed by CsGaIBr3-Sm, CsGaIBr3 and then CsGaBr4. 

The trend is attributed to the number of constituent elements that make up the 

nanoparticles. It also reveals the small particle size of the nanoparticles. CsGaBr4 is 

seen to have cubic-like structrure while CsGaIBr3 has hollow-spherical shape. The 

doped nanoparticle, CsGaIBr3-Sm and CsGaIBr3-Tb maintained the spherical shape 

seen in both CsGaBr4 and CsGaIBr3 as shown in figure 4.3 above. Commonly, the 

improved uniformity and perovskite crystallinity by doping with Lanthanides (Ln 3+) ions 

into CsGaBr4 is a requirement for high-performance PSC devices.  
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Figure 4. 4: TEM image of a) CsGaBr4 b) CsGaIBr3 c) CsGaIBr3-Sm d) CsGaIBr3-

Tb and their corresponding SAED images respectively (e-f). 

Figure 4.4 (a-d) present the TEM images of CsGaIBr4, CsGaIBr3, CsGaIBr3-Sm and 

CsGaIBr3-Tb respectively. The micrograph of nanoparticles obtained shows the 

polydispersity nature of the nanoparticles in all cases. The micrograph shows that 

CsGaIBr3-Sm (Figure 4.4c) exhibits spherical and rod-like structure, CsGaIBr3 and 

CsGaIBr3-Tb micrographs reveals some spiral and rod-like structures of the 

nanoparticles. The micrograph of CsGaBr4 indicates the spherical structure. The 

internal structure of the synthesized nanoparticles also reveals the agglomeration  

which is due to adhesion of particles to each other by weak forces leading to 

(sub)micron sized entities. Although the obtained micrograph did not give a clear 

image for the internal structure of the nanoparticle, a similar situation was obtained as 

earlier publications have been reported such an issue [9]. Selected Area Electron 

Diffraction (SAED) obtained from HRTEM revealed and confirmed that the 

nanoparticles were crystalline, figure 4.4. e-h. The SAED images correspond to the 

planes found in the XRD plot above, which confirms the perovskite phase composition 

of the synthesized nanoparticles [10]. 
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Figure 4. 5: HR-TEM image showing the lattice fringe and d-spacing value of the 

lattice fringe indicating the plane with the d-space value for the synthesized 

nanoparticles of a) CsGaBr4, b) CsGaIBr3, CsGaIBr3-Sm and d) CsGaIBr3-Tb. 

The images obtained from SAED analysis show that CsGaBr4 was more crystalline 

than CsGaIBr3-Sm, CsGaIBr3-Tb and CsGaIBr3 in that order. The high crystallinity 

displayed by CsGaBr4 translated into a high electroactivity which is expected and gave 

the improved photocatalytic properties. Furthermore, HR-TEM images of all the 

samples were used for lattice parameter analysis, Figure 4.5. It can be seen that the 

interplanar spacing of CsGaBr4, CsGaIBr3, CsGaIBr3-Sm and CsGaIBr3-Tb samples 

are close to each other (0.0196 nm, 0.0195 nm, 0.0195 nm and 0.0195 nm 

respectively) and they are all close to the interplanar spacing (0.0197 nm) of the (200) 

crystal plane corresponding to the strongest diffraction peak at 2θ = 29.78o in the XRD. 

These results further demonstrate that the obtained products are all in crystal phane. 

4.4 . ELEMENTAL COMPOSITION 

The elemental composition of the synthesized nanoparticles was assessed using 

Energy Dispersive X-ray spectroscopy (EDS) as shown in Figure 4.5. The instrument 
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that was used is the EDS analyzer coupled into the High -Resolution Transmission 

Electron Microscope used for TEM analysis. 
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Figure 4. 6: The EDS showing the chemical composition of synthesized 

nanoparticles. 

The EDS spectra showed the presence of all the expected elements for the 

synthesized nanoparticles. CsGaBr4 spectrum shows the presence of gallium, 

Caesium and bromide. CsGaIBr3 Spectrum shows the presence of all elements found 

in CsGaBr4 and Iodine in addition to the element’s composition. CsGaIBr3 spectrum 

shows the presence of CsGaIBr3 elements with samarium present too. Lastly, 

caesium, gallium, iodine, bromine and terbium elements were shown in the CsGaIBr3-

Tb EDS spectrum. This analysis confirms that the required nanoparticles were 

successfully synthesized. 

4.5 . SIZE DISTRIBUTION 

The distribution size of the synthesized nanoparticles was studied and evaluated. The 

particle size was evaluated using TEM images and the crystal size was evaluated from 

the XRD data of the synthesized nanoparticles. The size distribution of the synthesized 

nanoparticles is summarised in the plot from Figure 4.7 below.  
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Figure 4. 7: The plot showing the particle size distribution of the synthesized 

nanoparticles 

The particle size distribution obtained from TEM images shows that CsGaBr4, 

CsGaIBr3, CsGaIBr3-Sm and CsGaIBr3-Tb has a mean particle size of 33.5 nm, 23 

nm, 23.5 nm and 29 nm, respectively. XRD can also be useful to obtain size 

distribution [11]. This can be achieved by calculating the crystal size of the synthesized 

nanoparticle, Table 4.1 and comparing the size obtained with that of the TEM size 

distribution plot.  

4.6 . PEROVSKITES SIMULATION STRUCTURES 

The crystal structures were simulated from XRD data by using Diamond – crystal and 

molecular structure visualization version 4.  The simulated structures agree with the 

cubic structure of perovskites. The atomic parameters used to simulate the crystal 

structures of each are summarized in Table 4.2. from the Diamond software. 
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Table 4. 2: Parameters used to simulate the structures of synthesized 

nanoparticles 

Atomic parameters of CsGaBr4 

Atom Ox. Wyck. Site x/a y/b z/c 

Cs1 1 1b m-3m ½ ½ ½ 

Ga1 3 1a m-3m 0 0 0 

I1 -1 3d 4/mm.m 0 0 ½ 

Br1 -1 3d 4/mm.m 0 ½ 0 

Br2 -1 3d 4/mm.m ½ 0 0 

Br3 -1 3c 4/mm.m ½ ½ 0 

 

Atomic parameters of CsGaIBr3 

Atom Ox. Wyck. Site x/a y/b z/c 

Cs1 1 1b m-3m ½ ½ ½ 

Ga1 3 1a m-3m 0 0 0 

I1 -1 3d 4/mm.m 0 0 ½ 

Br1 -1 3d 4/mm.m 0 ½ 0 

Br2 -1 3d 4/mm.m ½ 0 0 

Br3 -1 3c 4/mm.m ½ ½ 0 
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Atomic parameters of CsGaIBr3-Sm 

Atom Ox. Wyck. Site x/a y/b z/c 

Cs1 1 1b m-3m ½ ½ ½ 

Ga1 3 1a m-3m 0 0 0 

Sm1 3 1a m-3m 0 0 0 

I1 -1 3d 4/mm.m 0 0 ½ 

Br1 -1 3d 4/mm.m 0 ½ 0 

Br2 -1 3d 4/mm.m ½ 0 0 

 

Atomic parameters of CsGaIBr3-Tb 

Atom Ox. Wyck. Site x/a y/b z/c 

Cs1 1 1b m-3m ½ ½ ½ 

Ga1 3 1a m-3m 0 0 0 

Tb1 3 1a m-3m 0 0 0 

I1 -1 3d 4/mm.m 0 0 ½ 

Br1 -1 3d 4/mm.m 0 ½ 0 

Br2 -1 3d 4/mm.m ½ 0 0 

Br3 -1 3c 4/mm.m ½ ½ 0 
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Figure 4. 8: Diamond software simulation of the XRD data of a) CsGaBr4 b) 

CsGaIBr3 c) CsGaIBr3-Sm and d) CsGaIBr3-Tb. 
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Figure 4.8. above indicated that all synthesized nanoparticles are cubic perovskite 

structure. For doped nanoparticles, CsGaIBr3-Sm and CsGaIBr3-Tb, it was found that 

terbium and samarium substitute some of the gallium positions and retain the cubic 

structure, Figure 4.8. c, d. 

4.7 . OPTICAL PROPERTIES 
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Figure 4. 9: The UV-vis Absorption spectra of a) CsGaBr4, b) CsGaIBr3, c) 

CsGaIBr3-Sm and d) CsGaIBr3-Tb. 

The optical absorption spectra of CsGaBr4, CsGaIBr3, CsGaIBr3-Sm and CsGaIBr3-Tb 

were measured and found that the nanoparticles absorb more light at visible region. 

CsGaIBr3, CsGaIBr3-Sm and CsGaIBr3-Tb samples exhibited good light absorption 

capacity ranging from 300 nm to 750 nm, however, there is lower light absorption 

capacity for CsGaBr4 (figure 4.9(a)). Hence the CsGaIBr3 and Sm-doped and Tb-

doped indicate that CsGaBr4 nanoparticles have been improved [15, 16]. These 

synthesized nanoparticles absorb light at several wavelengths, this is indicated by the 

presence of multiple absorption peaks from the spectra. The multiple peaks indicate 

that there are mixed-phase compositions in the synthesized perovskite nanoparticles 

[17]. Perovskites are classified as direct bandgap semiconductors and classical 

relation was used to calculate their bandgaps [18]. The direct bandgap can be 

calculated by plotting the product of photon energy and absorbance squared versus 

photon energy from the absorbance spectra, or (αhv)2 vs hv plot and extrapolate to 
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find the intercept of the abscissa. Figure 4.10. below shows the  Tauc plot of CsGaBr4, 

CsGaIBr3, CsGaIBr3-Tb and CsGaIBr3-Sm samples, where the extrapolated bandgaps 

were found to be 1.84, 2.51, 1.85 and 1.94 eV respectively. Based on the results, the 

increased conductivity of the synthesized nanoparticles follows CsGaBr4 > CsGaIBr3-

Tb > CsGaIBr3 -Sm > CsGaIBr3 order. Extracted optical bandgaps are in good 

agreement with the reported values of Perovskites and all these physical and optical 

properties are guaranteed good photovoltaic performance of CsGaIBr3 PSC [5, 19]. 
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Figure 4. 10: Absorption coefficient as a function of photon energy for a) 

CsGaBr4, b) CsGaIBr3, c) CsGaIBr3-Sm and d) CsGaIBr3-Tb. 

4.8 . PHOTOLUMINESCENCE ANALYSIS 

Figure 4.11 shows the photoluminescence (PL) spectra of the synthesized 

nanocrystal, the solution form of nanocrystals was used to obtain the PL spectra, and 

hexane was used as a solvent. The emission of all four synthesized nanocrystals is at 

a range of 554 nm - 588 nm and is well consistent with absorption edges for the 

corresponding nanocrystals from UV-vis spectra (Figure 4.9). from the PL spectrum 

curves, it can be seen that the peak position of the emission from CsGaBr4, CsGaIBr3-

Sm and CsGaIBr3-Tb nanocrystals did not exhibit any shift at all, but the intensity has 

increased in that order. The PL emission of CsGaBr4 quenched dramatically, by 

contrast, the intensities of CsGaIBr3-Sm and CsGaIBr3-Tb nanocrystals were much 

better than that of CsGaBr4.  
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Figure 4. 11: Photoluminescence spectra of CsGaBr4, CsGaIBr3, CsGaIBr3-Sm 

and CsGaIBr3-Tb nanocrystals. 

CsGaIBr3 exhibits another peak at a lower wavelength (550 nm) which might be due 

to the abundance and purity of particles [20]. Also, CsGaIBr3 has a less pronounced 

peak at the high wavelength of 584 nm that exhibits low bandgap energy as expected. 

The PL curves of CsGaBr4, CsGaIBr3-Sm and CsGaIBr3-Tb presents good symmetry, 

which means no significant lattice distortion occurred for them. The band gaps of the 

nanocrystals could be investigated experimentally by using two techniques, UV-vis 

spectroscopy (Figure 4.9) and Photoluminescence (PL) (Figure 4.11). PL technique 

could be used to calculate the energy gap values for the nanocrystals using the 

following equation: 

𝐸𝑔  =  
ℎ𝑐

𝜆
     (4.3) 
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where 𝐸𝑔  is a bandgap calculated (eV), ℎ is Planck’s constant with a value of 4.1357 

x 10-15 eV*s, 𝑐 is the speed of light with a value of 299792858 m/s and 𝜆 is the 

wavelength (m) extracted from PL spectra. The values of the energy gap with 

corresponding wavelengths of the different nanocrystals are presented in Table 4.3. 

below. The small shift of the absorption in relation to the luminescence peak position 

is observed in Table 4.3. This is a stokes shift phenomenon and is common for CdSe 

nanocrystals and was reported in several reports of perovskites QDs [3]. 

Table 4. 3: The synthesized nanocrystals with their corresponding bandgap 

energy. 

Compound  PL peak position 

(nm) 

Eg Extrapolated 

from UV-vis (eV) 

Eg calculated 

from PL (eV) 

CsGaBr4 586 1.84 2.12 

CsGaIBr3 584 2.51 2.12 

CsGaIBr3-Sm 584 1.94 2.12 

CsGaIBr3-Tb 584 1.85 2.12 

 

 

4.9 . ELECTROCHEMICAL ANALYSIS 

Electroactivity of the synthesized nanoparticles was investigated through cyclic 

voltammetry using 0.1 M lithium perchlorate prepared in acetonitrile as electrolyte. The 

potential window used for the study was -0.5 to +1.5 V. The materials that were studied 

are CsGaBr4, CsGaIBr3, CsGaIBr3-Tb and CsGaIBr3-Sm. They were investigated at a 

scan rate of 10 mV/s and from 10 mV/s to 100 mV/s individually. The system of three-

electrode was used comprising a counter electrode, working electrode and reference 

electrode. A Glassy-carbon electrode was used as a working electrode and the 

counter electrode was the platinum wire while the reference electrode used was 

Ag/AgCl. As scan rate was initiated, the potential was applied to the material within 

the potential window, at a characteristic potential value, the materials responded with 

a current peak assuming they exhibit electrochemical behavior within that window. The 

voltammograms of the precursor materials that showed cathodic and anodic peaks 

are summarized in Figure 4.12. 
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Figure 4. 12: The cyclic voltammograms of a) Caesium, b) Samarium and c) 

Terbium which are the precursors used to obtain the synthesized nanoparticles 

at a scan rate of 10 mV/s. 

Within the potential window selected, the cyclic voltammogram of the precursor 

materials shows their behavior in the electrolyte. The cyclic voltammogram of Cs+2 

precursor shows only the oxidation peaks. The peaks are attributed to the oxidation of 

0 to +1 then +2. There was no electrochemical activity for gallium, Iodine and bromine 

precursor within the potential window used since there were no peaks observed. For 

Tb and Sm precursors, one oxidation peak and one reduction peak were observed 

respectively which has redox reaction as follows: 

Oxidation reaction for Sm 

(a1) Sm (s)   Sm3+ (aq) + 3e- 

Reduction reaction for Sm 
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(b1) Sm3+ (aq) + 3e-    Sm (s) 

The potentials and corresponding values of currents at a maximum of the observed 

peaks for Samarium are given as: 

(a1) 1.08 V, 8.75 μA corresponding to oxidation of Sm(0) to Sm(3+) 

(b1) 1.38 V, -4.38 μA corresponding to reduction of Sm(3+) to Sm(0) 

Oxidation reaction for Tb: 

(a1) Tb(s)   Tb3+ (aq) + 3e- 

Reduction reaction for Tb: 

(b1) Tb3+ (aq) + 3e-   Tb(s)  

The potentials and corresponding values at a maximum current of the observed peaks 

for terbium are given as: 

(a1) 1.25 V, 7.5 μA corresponding to oxidation of Tb(0) to Tb(3+) 

(b1) 0.75 V, -2.7 μA corresponding to reduction of Tb(3+) to Tb(0) 

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



81 
 

 

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



82 
 

 

Figure 4. 13: Cyclic voltammograms of the synthesized nanoparticles a) Bare, 

CsGaBr4, CsGaIBr3, CsGaIBr3-Sm b) CsGaIBr3-Tb at a scan rate of 10 mV/s. 

Figure 4.13 above shows the comparison of the synthesized nanoparticles at the scan 

rate of 10 mV/s. The cyclic voltammogram of CsGaIBr3-Tb exhibits a high current as 

compared to the other three synthesized nanoparticles. The increased current may 

indicate that CsGaIBr3-Tb nanoparticles are very conductive as compared to CsGaBr4, 

CsGaIBr3 and CsGaIBr3-Sm. 
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Figure 4. 14: CV of the synthesized nanoparticles at different scan rates. 

From the Cyclic voltammogram of CsGaBr4, the anodic peaks labelled a1 and a3 are 

arising from Cs as seen from Figure 4.12. (a). Oxidation peak a5 and reduction peak 

c5 from the CV of CsGaIBr3-Sm is due to the presence of Sm respectively, oxidation 

peak a3 and reduction peak c2 from the CV of CsGaIBr3-Tb are due to Tb as it was 

seen on the CV of Tb precursor from Figure 4.12 (c) above. Figure 4.14 above, 

indicates that CsGaIBr3-Tb nanoparticles are more conductive than CsGaBr4, 

CsGaIBr3 and CsGaIBr3-Sm nanoparticles, as evidenced by higher anodic and 

cathodic peak current values, as well as a shift to a more positive potential value during 

oxidation and a shift to a more negative potential value during reduction. The potential 

values of the cathodic and anodic peaks of the nanoparticles enhanced as the scan 

rate was raised. Furthermore, for all nanoparticles, the current values for both anodic 

and cathodic peaks increased with increasing scan rate, demonstrating a reversible 

electron transport system. 
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4.10 . ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

The electrochemical cell's impedance is measured using EIS. It can be computed by 

applying a small amplitude sinusoidal (AC) voltage to an electrode linked to the 

material under investigation, which results in the creation of a current whose amplitude 

and phase angle are measured in relation to the applied sinusoidal voltage. Because 

impedance is a function of frequency, the various frequency ranges mu st be 

investigated in order to produce an impedance spectrum [30]. EIS is a useful 

electrochemical technique since its spectra may be used to calculate the solution's 

resistance Rs, double layer capacitance Cdl and charge transfer resistance Rct, which 

is usually the resistance value of the material under study and Warburg impedance 

which helps in evaluating the Warburg diffusion coefficient value. Warburg is a 

constant phase element with a constant phase shift of 45o whose impedance can be 

calculated using Fick's formula. Fitting the data from the EIS experiment in ZView 

software yields resistance values, Warburg diffusion coefficients and double layer 

capacitance values [31]. The equivalent circuit of the EIS spectra can be determined 

by this fitting. The spectra can be plotted using two different methods: The Bode plot 

and the Nyquist plot. The Nyquist plot depicts the relationship between imaginary and 

real impedances, whereas the Bode plot depicts total impedance (also known as 

magnitude) vs frequency as logarithm values as well as phase angle against frequency 

where the frequency is in logarithm form. The Nyquist plot of the nanoparticles is 

shown in Figure 4.15. 
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Figure 4. 15: Fitted plot (obtained with ZView) Nyquist plot of the synthesized 

nanoparticles of (a) CsGaBr4, (b) CsGaIBr3, (c) CsGaIBr3-Sm and (d) CsGaIBr3-

Tb with inset of the equivalent circuit simulated using ZView. 

Figure 4.15 shows the Nyquist plot of CsGaBr4 and CsGaIBr3 consists of Terbium (Tb) 

and Samarium (Sm). The EIS measurements were carried out to study the charge 

transfer process at the interface between the electrolytes and counter electrode. In the 

EIS curve, the diameter of the first semicircle at the high-frequency region is attributed 

to the impedance of the charge transfer process occurring at the counter electrode 

and electrolyte interface. The charge transfer resistance (Rct) of the CsGaBr4, 

CsGaIBr3, CsGaIBr3-Sm and CsGaIBr3-Tb are observed around 4671 Ω, 3885 Ω, 

7918 Ω and 295.3 Ω respectively (Table 4.4). The charge transfer resistance of 

CsGaIBr3-Sm is suppressed due to the adsorption of the electrolyte on the electrode, 

due to which the active site surface is reduced and results in the increase of charge 

transfer resistance at the electrolyte/counter electrode interface [17]. Low transfer 

resistance indicates the fast electron transport at the counter electrode/electrolyte 
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interface. Such an observation from EIS is consistent with the high cathodic current 

obtained for CsGaIBr3-Tb compared to that of CsGaBr4, CsGaIBr3 and CsGaIBr3-Sm 

(see Figure 4.14). The high-frequency intercept on the real axis denotes the low 

electron transfer resistance (Rct) between the counter electrode and electrolyte 

interfaces, series resistance (Rs) correlated with the good electrocatalytic activity [29]. 

The fast electron transport is observed for CsGaIBr3-Tb. 

 

 

Figure 4. 16: Nyquist plot comparing the synthesized nanoparticles. 

 

Figure 4.16 indicates that the ohmic resistance of CsGaIBr3-Tb is lower than that of 

the remaining three synthesized nanoparticles. The observed higher ohmic resistance 

for CsGaIBr3-Sm indicates that the conductivity of CsGaIBr3-Sm is lower than those of 

other studied nanoparticles. Ohmic resistance follows this order, CsGaIBr3-Tb < 
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CsGaIBr3 < CsGaBr4 < CsGaIBr3-Sm. Based on the order discussed, CsGaIBr3-Tb 

shows low ohmic resistance hence it possesses high conductivity [18]. 

Table 4. 4: Fitted equivalent circuit values for synthesized nanoparticles 

Sample Rs (ohm) Rct (ohm) CPE1 (degrees) Ws1 

CsGaBr4 219.4 4671 0.79675 - 

CsGaIBr3 146.8 3885 0.6394 - 

CsGaIBr3-Sm 148 7918 0.83836 - 

CsGaIBr3-Tb 180.6 295.3 0.85153 0.012048 

 

We may compare the resistance of the produced nanoparticles using the values in 

Table 4.4. CsGaIBr3-Tb had the lowest Rct value, while CsGaIBr3-Sm had the greatest 

Rct value. The resistance of the nanoparticles under consideration is represented by 

the Rct value. CsGaIBr3-Tb has the lowest Rct of the four nanoparticles, indicating that 

it is the most conductive [19]. CsGaIBr3-Sm has the highest Rct value of the four, 

indicating that it is the least conductive. This is consistent with the CV peaks current 

obtained for nanoparticles, where CsGaIBr3-Tb had the highest cathodic and anodic 

peaks currents compared to the other samples, while CsGaIBr3-Sm had the lowest 

oxidation and reduction peak current. The Ws1 value obtained for CsGaIBr3-Tb as 

shown on the equivalent circuit is due to a second reaction taking place. All four fitted 

equivalent circuits did not fit with Warburg and this is proven by the bode plot where 

the phase angle of these nanoparticles did not begin or end at 45, the constant phase 

parameter for a Warburg diffusion [2, 20]. The Bode plot of the synthesized 

nanoparticles was also used to compare the conductivity of the nanoparticles, Figure 

4.17. 
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Figure 4. 17: The Bode plots of CsGaBr4, CsGaIBr3, CsGaIBr3-Sm and CsGaIBr3-

Tb nanoparticles 

From the phase angle plot of all nanoparticles, it can be seen that none of the 

nanoparticles started or ended from 45 angle, so the Warburg diffusion did not fit. 

The Warburg diffusion fits only when the graph starts or ends at an angle of 45 [27]. 

The total impedance plot of CsGaBr4 begins at a low frequency of 1 Hz corresponding 

to a magnitude of 7500 Ω2.cm and runs down gradually to a high frequency of 550 Hz 

with a magnitude of 548 Ω2.cm then runs steadily to the highest frequency of 100 000 

Hz. Similarly, CsGaIBr3 began from a low frequency of 1 Hz having a correspondence 

magnitude of 550 Ω2.cm to a high frequency of 100 000 Hz at a magnitude of 325 

Ω2.cm. CsGaIBr3-Sm gradually runs to the highest frequency of 100 000 Hz with a 

magnitude of 212 Ω2.cm from the magnitude of 10 000 Ω2.cm with the frequency of 1 

Hz. Lastly, CsGaIBr3-Tb indicated several peaks while running from the frequency of 

1 Hz corresponding to the magnitude 600 Ω2.cm, at a frequency of 10 Hz had a 

magnitude of 500 Ω2.cm to the magnitude of 435 Ω2.cm at a frequency of 100 Hz then 

runs gradually down to the highest frequency with a magnitude of 200 Ω2.cm. The 
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obtained values at the highest Magnitude correspond to the total impedance for each 

of the nanoparticles synthesized. The impedance value obtained indicates th at 

CsGaIBr3-Sm had the highest value and CsGaIBr3-Tb had the lowest value [28, 34]. 

The trend follows the one from the Nyquist plot as well as the CV plot, which states 

the fact that CsGaIBr3-Sm was the most with resistive charge transfer, hence is the 

least conductive from the nanoparticles synthesized. 

4.11 . CURRENT-VOLTAGE (I-V) CURVE 

The photovoltaic performances of perovskite solar cells were measured using the 

Ossila source meter and the current density-voltage (I-V) curves of four devices were 

recorded in Figure 4.13. Fabrication of solar cells was ITO/TiO2/Perovskite/CZTS/Ag 

for all four prepared solar cells. 
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Figure 4. 18: I-V curves of the synthesized nanoparticles of CsGaBr4, CsGaIBr3, 

CsGaIBr3-Sm and CsGaIBr3-Tb indicating their PCE measured with EC-Lab 

Software. 

Meanwhile, the corresponding photovoltaic parameter of solar cells are summarised 

in Table 4.5. 

Table 4. 5: Device performances of perovskite solar cells. 

Perovskite Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

CsGaBr4 1.37 0.72 0.68 0.67 

CsGaIBr3 2.18 0.46 0.23 0.28 

CsGaIBr3-Sm 1.49 0.70 0.63 0.66 

CsGaIBr3-Tb 1.61 0.61 0.84 1.24 

 

Notably, with the addition of iodine (I) content in CsGaBr4, it can be seen that the open-

circuit voltage (Voc) of CsGaBr4 was reduced from 0.68 V to 0.23 V (CsGaIBr3). After 
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incorporating samarium (Sm) into CsGaIBr3, it exhibited high Voc from 0.23 V to 0.7 V 

due to the introduction of Sm into the perovskite. However, the short circuit current 

density (Jsc) of CsGaBr4 was increased from 1.37 mAcm-2 to 2.18 mAcm-2 after the 

incorporation of I. in contrast, the doped CsGaIBr3 with Sm reduced the Jsc from 2.18 

mAcm-2 to 1.49 mAcm-2. Generally speaking, the fill factor (FF) of the PSCs is sensitive 

to the quality of the perovskite layer as well as those of the electron transport layers 

and the hole transport layers [22]. As for FF in CsGaBr4, it exhibited a better change 

of 0.68% than that of CsGaIBr3 which was 0.23%. The reduction is due to the presence 

of iodine in the perovskite. CsGaIBr3-Sm exhibit improved FF change of 0.63% from 

0.23% of CsGaIBr3. From the above, CsGaIBr3-Tb showed the best performance with 

a PCE of 1.24% followed by CsGaBr4 with 0.67% and CsGaIBr3-Sm with 0.66%. Poor 

performance was observed from CsGaIBr3 exhibiting 0.28%. Thus, it can be seen that 

with appropriate lanthanide doping, the perovskite can reach the best-integrated 

performance [32, 33]. The enhancement should be ascribed to the reduced photo-

generated charge recombination at the perovskite interface as evidenced by PL 

measurements [35, 36]. 
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Chapter 5  
 

 Conclusion and Recommendations 

 

5.1 . Conclusion 

In this work, we demonstrated a novel Samarium and Terbium doping strategy to 

prepare CsGaIBr3 nanocrystals for highly efficient CsGaIBr3 solar cells. It was found 

that the morphological, optical and electronic properties of CsGaIBr3 nanoparticles are 

improved by Samarium (Sm) and Terbium (Tb) doping respectively. Upon 

incorporating Sm and Ga into the CsGaIBr3 lattice, highly crystallized and well-oriented 

CsGaIBr3 crystals were successfully constructed. The prepared Sm-doped and Tb-

doped CsGaIBr3 exhibited more homogeneous morphology with much smaller grains 

as compared to the none-doped CsGaIBr3 and CsGaBr4 nanoparticles. The particle 

size of the synthesized nanoparticles was obtained to be 33.5, 23, 23.5 and 29 nm for 

CsGaBr4, CsGaIBr3, CsGaIBr3-Sm and CsGaIBr3-Tb respectively.  Crystal structures 

of the synthesized nanoparticles were found to be cubic which is an expected shape 

for perovskites. From the simulated structure of CsGaIBr3-Sm and CsGaIBr3-Tb, it was 

found that the incorporated lanthanides (Sm and Tb) occupy some of the gallium 

position from the cubic structure. It indicates CsGaIBr3 was successfully doped with 

Sm and Tb respectively. The energy gap of CsGaBr4, CsGaIBr3, CsGaIBr3-Sm and 

CsGaIBr3-Tb nanoparticles were obtained from the generated Tauc plot to be 1.84, 

2.51, 1.94 and 1.85 eV respectively. With CsGaBr4 having the lowest bandgap, it was 

expected to yield the highest power conversion efficiency than the other synthesized 

nanoparticles, followed by CsGaIBr3-Tb nanoparticles. The CsGaIBr3-Tb possessed 

the low ohmic resistance (295.3 Ω) amongst all the synthesized nanoparticles, hence 

it results with high conductivity. This was expected because of its small bandgap 

energy. The Rct of CsGaBr4, CsGaIBr3 and CsGaIBr3-Sm are 4671, 3885 and 7918 Ω. 

The lattice constants of the synthesized nanoparticles increased gradually along with 

decreasing atomic number of Ln3+ ions, the doped nanoparticles. The Tb-doped 

devices deliver an overall improved PCE in comparison to the none-doped cells and 

Sm-doped cells. The champion PCE of the CsGaIBr3 cells was boosted by Tb-doping 

from 0.28% to 1.24% showing an increase of 0.96%. The other cells CsGaBr4, 

CsGaIBr3 and CsGaIBr3-Sm exhibited the PCE of 0.67%, 0.28% and 0.66% 

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



110 
 

respectively. These low efficiencies compared to the previously reported (25%), is due 

to that the experiment was not performed in a glovebox. Our work provides a new 

route to synthesize lead-free cost-effective and highly efficient perovskites solar cells. 

5.2 . Recommendations 

The following aspects in the development of the newly synthesized inorganic 

perovskites require further investigations. To better understand the structural 

fingerprint of the molecules of the produced perovskites, in -depth X-ray photoelectron 

spectroscopy (XPS) and Raman spectroscopy must be examined. XPS can provide 

us with a more comprehensive chemical interaction or bonding between the atoms 

within the perovskite structure. XPS can disclose the orbitals and this information can 

be combined with fluorescence tests to determine where the emission is coming from. 

Knowing the interacting orbitals can help with  a better understanding of the Jablonski 

diagram's energy levels and emission. For the determination of the thermal stability of 

nanoparticles, thermogravimetric analysis (TGA) can be used. This would aid us in 

identifying or selecting the appropriate material to functionalize with to improve thermal 

stability.  
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