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ABSTRACT 

Despite the remarkable progress made by hybrid perovskite thin film materials  CH3NH3PbI3 

in the arena of thin film photovoltaics, their shift to penetrating the commercial market is still 

an on-going research due to poor intrinsic stability and the issue of eco-toxicity posed by 

metal Pb. The chief aim of this study was to prepare air-stable hybrid perovskite thin film 

materials incorporating earth abundant and non-toxic transition metals which include Ni, Cu 

& Zn (doped at 1, 5 and 10%); CH3NH3PbI3•Ni, CH3NH3PbI3•Cu & CH3NH3PbI3•Zn, 

employing a two-step solution deposition technique. The terephthalic acid (TPA) additive 

was utilized to stabilize thin film materials from deterioration upon exposure to air.  

The successful incorporation of transition metals; Ni, Cu, and Zn into the perovskite crystal 

structure was confirmed by core level X-ray Photoelectron Spectroscopy (XPS) 

measurements. X-ray diffraction (XRD) measurements revealed that all hybrid perovskite 

thin film materials assumed a pure perovskite phase in the tetragonal crystal system without a 

significant impact on the lattice parameters and space group. XRD analyses also revealed that 

the two-step solution deposition technique employed in this study resulted in strained hybrid 

perovskite thin films with structural defects/dislocation density. The CH3NH3PbI3•Zn thin 

films (followed by CH3NH3PbI3•Ni) were the least strained and highly crystalline among all 

NiCuZn hybrid perovskite thin films. High degree of dislocation density and poor 

crystallinity were observed for CH3NH3PbI3•Cu thin films. The differences in degree of 

crystallinity and dislocation densities (defects) were attributed to different mechanical 

properties of Ni, Cu and Zn dopants. 

High Resolution Scanning Electron Microscopy (HR-SEM) revealed a layer of small sheet-

shaped perovskite grains at the vicinity of pristine CH3NH3PbI3. HR-SEM also revealed that 

Ni and Zn dopants (at 10% concentration) suppressed the growth of these sheet-shaped 
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perovskite grains at the vicinity of CH3NH3PbI3•Ni and CH3NH3PbI3•Zn thin films, 

respectively. However, CH3NH3PbI3•Cu exhibited a coarse morphology as the Cu content 

was increased from 1 to 10% suggesting high degree of structural defects imposed by Cu 

dopant. Atomic Force Microscopy (AFM) results correlated with the HR-SEM and XRD 

results. Reduced surface roughness was observed for thin films devoid of a layer of small 

sheet-shaped perovskite grains at the vicinity of hybrid perovskite grain boundaries; i.e. 

CH3NH3PbI3•10%Ni and CH3NH3PbI3•10%Zn, respectively. AFM results also revealed that 

the Cu dopant resulted in CH3NH3PbI3•Cu hybrid perovskite thin films with drastically 

heightened surface roughness attributed to the high degree of surface defects. 

Optical studies by Ultra Violet visible (UV-vis) and Photoluminescence (PL) spectroscopy 

showed that NiCuZn hybrid perovskite thin film materials (𝐸𝑔 ≈ 1.56 eV) explored in this 

study largely absorb from the visible (≈ 500 nm) to the near infra-red (≈ 800 nm) and emit 

towards the near infra-red region (770 nm to 795nm) of the solar spectrum. PL studies 

revealed quenching effect (non-radiative recombination emission effect) for CH3NH3PbI3•Ni 

and CH3NH3PbI3•Cu thin films induced by Ni and Cu dopants. However, for Zn doped thin 

film materials CH3NH3PbI3•Zn, a reverse effect was observed, Zn dopant  advanced the 

radiative recombination emissions exhibited  in higher PL emission intensity as the Zn 

content was increased from 1 to 10%. These results were attributed to high crystallinity, 

compact surface morphology and topography, relaxed micro-strain and lower degree of 

dislocation density induced by Zn in CH3NH3PbI3•Zn thin films, positioning Zn as the best 

candidate amongst Ni and Cu for Pb-substitution in the traditional CH3NH3PbI3. This study 

contributes substantially to the ongoing research in pursuit for non-toxic and air-stable hybrid 

perovskite thin film materials for photovoltaic (PV) applications. 

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



iv 
 

Cu2ZnSn(S,Se)4 (CZTSSe) kesterite absorber materials have emerged as potential candidates 

for earth abundant and non-toxic PVs with great prospects for long-term sustainability in the 

arena of solar cell technology. However, the low open circuit voltage (VOC) in kesterite 

absorber materials is the common constraint limiting the photovoltaic performance in all 

kesterite-based solar cells chiefly when compared to the highest possible VOC value ruled by 

the Shockley-Queisser radiative limit (VOC,SQ). This study seeks to address the issue of low 

VOC and it was inspired by the beneficial impacts demonstrated by nanometric layers of Ge 

(as well partial substitution of Sn atoms by Ge atoms) on the photovoltaic performance 

(especially the VOC) and the advance material quality of CZTSe-based solar cells reported in 

literature. 

 The development of pure germanium kesterite Cu1.8Zn1.2GeSe4 (CZGSe) solar cells with 

architecture: Mo/p-CZGSe/n-CdS/i-ZnO:ITO, produced employing a two-step sequential co-

sputtering technique was explored. The optimal CZGSe absorber (𝐸𝑔 = 1.42 eV) produced in 

this study from the corresponding optimal stack order: Mo/Cu(4nm, for 20s)/Zn/Cu/Ge 

subjected to the thermal treatment with annealing profile; T = 535 ºC, dwelling time t = 15 

min, P = 1bar and 20 ºC/min heating rate, yielded a corresponding solar cell device which 

attained record power conversion efficiency PCE = 5.0%, open circuit voltage VOC = 564.53 

mV, VOC (deficit) = 563.64 mV, short-circuit current density JSC = 17.60 mA/cm
2
 and a fill 

factor (FF) of 50.53%. A remarkable improvement in the VOC = 592.66 mV with the 

corresponding PCE = 4.46%, JSC =14.19 mA/cm
2
 and FF = 53.12% attained through CdS 

buffer layer optimization was a milestone in comparison to the previously reported value of 

558 mV for CZGSe in literature. 

Raman spectroscopy revealed the presence of ZnSe (𝐸𝑔 = 2.7 eV) secondary phases (defects) 

on the surface of CZGSe (𝐸𝑔 = 1.42 eV) absorbers. High-Resolution Scanning Electron 
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Microscopy (HR-SEM) cross sectional area images also revealed the presence of  defects at 

the Mo/CZGSe interface; i.e. a layer of voids and blisters attributed to the formation of 

GeSe2(g) volatile species during thermal treatment. External Quantum Efficiency (EQE) 

measurements demonstrated that these defects; i.e. ZnSe (𝐸𝑔 = 2.7 eV) secondary phases and 

a layer of voids and blisters at the Mo/CZGSe interface, had detrimental impact on charge 

carrier collections and  as a result limited the overall photovoltaic performance of solar cell 

devices (PCE ≤ 5%). This study contributes substantially to the development of CZGSe 

based kesterite solar cells as it provides a baseline standard and inspires future studies with 

the goal of improving the absorber quality and the PCE beyond 5%.  
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CHAPTER 1 

                
Introduction 

1.1 BACKGROUND ON PEROVSKITE AND KESTERITE MATERIALS 

The constant global population growth and urbanization call for the increasing demand for 

renewable energy resources and this demand cannot be satisfied with the limited fossil fuel 

resources [1,2]. The demand in renewable energy resources has been satisfied by natural 

renewable energy resources which include air, water, and sunlight over the last few decades. 

Developmental systems have been engineered for the harvest and storage of renewable 

energy resources. Energy storage devices which include batteries, supercapacitors, and fuel 

cells are used to store the energy after harvest through windmills and solar cells [2,3]. 

Nonetheless, devices that harvest and store energy must have the capacity to maintain the 

cost viability with advanced output performance. There are, however, several challenges 

faced in developing such devices with desired specifications in terms of adapting their shape, 

size, cyclic stability and lifespan. Most of these challenges are solved by the selection of 

suitable types of materials for device fabrication [4–8]. The harvesting and storage materials 

that are satisfactorily efficient have been applied to address the issue and limitations faced by 

the contemporary existing technologies. Perovskite materials have been recognized as the 

potential candidates among various existing materials owing to their valuable physical and 

chemical properties alongside with their solid-state characteristics through superconducting, 

insulating, metallic and semiconducting nature [9,10]. These valuable properties of 
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perovskites have awarded great potential for application in energy harvesting and storage 

[11–17]. 

The mineral CaTiO3 (ABX3) was discovered in 1839 in Ural Mountains by Geologist Gustav 

Rose (1778 – 1873) and was further studied and characterized by a Russian mineralogist 

known as Coun Lev Alekseyevich von Perovski (1792 – 1853) [18]. Perovskites are materials 

with the general formula of ABX3. In the general formula ABX3; A lies in the center of the 

cube, X ions form the octahedron that surrounds the B ion. The most abundant perovskite 

compounds found in the earth’s crust are MgSiO3 and FeSO3 [19]. In 1926, Victor 

Goldschmidt carried out detailed structural studies which led to the conceptualisation of 

tolerance factor calculated by taking into account the radii of the cations and anions 

organized in the crystal structure. The stability of the perovskite material is determined from 

the tolerance factor and this stability is dependent on the ionic sizes of the cations and anions 

at the A, B and X sites in the crystal structure [18–20]. Distortions in the perovskite crystal 

structure occur by replacing/substituting the cations/anions which yields different 

crystallographic arrangements. Atomic arrangements of different elements in the perovskite 

crystal structure determine the properties of the perovskite material and thus by changing the 

arrangement of those atoms will lead into many phase transitions yielding different optical, 

chemical and electrical properties [21–23]. The chemistry of perovskite materials and their 

fascinating flexible properties has made them well-known in solid-state physics and they 

have also generated research interest in different fields which include electronics, 

optoelectronics, medicine, optics, and sensors [24–26]. 

Another family of thin film PVs material explored in this study is kesterite material which is 

normally based on Cu2ZnSn(S,Se)4 (CZTSSe). The fascinating thing about kesterite PVs is 

that they combine the advantages of thin films technology with the utilization of earth-

abundant and environmentally benign elements (or less toxic for Se compounds) in PVs. Ito 
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and Nakazawa reported for the first time the high absorption coefficient and ideal energy 

bandgap of Se-free Cu2ZnSnS4 (CZTS) light harvesters for application in solar cells 

technology [27]. Friedlmeier et al. [28], Seol et al. [29], and Katagiri et al. [30], reported 

early results for the device performance of CZTS in terms of power conversion efficiency. In 

2010, record power conversion efficiency beyond 10% for CZTSSe solar cell devices was 

reached later on at IBM as well the 12.6% record power conversion efficiency achieved in 

2013 [31]. Power conversion efficiency of 12.6% was also achieved for a larger area device 

in 2018 by researcher from DGIST [32]. The architecture for kesterite solar cells was initially 

emulated from that of Cu(In,Ga)Se2, (CIGSe) thin films solar cells. This architecture is 

constructed by sequential deposition technique on soda lime glass substrate, Mo back contact, 

the absorber, a CdS buffer layer, and a ZnO/ZnO:Al bi-layer window. Thin films solar cells 

based on kesterite are almost similar to the more developed CIGS and CdTe based thin films 

absorbers. A total device thickness of only few micrometers composed of absorber/emitter 

pn-heterojunction is used for the construction of these three technologies. The advantage of 

kesterite solar cells is that they can be made without toxic elements in comparison to CdTe 

and high efficiency Pb-based hybrid perovskite solar cells. Thin films solar cell devices based 

on kesterites have been explored on transparent [33] and flexible substrates [34,35].  

Moreover, intense electromagnetic radiation hardness for space applications has been 

explored as well [36]. Long term stability studies have been reported for kesterite mono-grain 

solar cells attaining beyond 90% of initial power conversion efficiency after 3000 h of un-

encapsulated dry heat exposure [37], showing remarkable stability of the material. 
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1.2 PROBLEM STATEMENT 

Hybrid perovskite materials have gained significant attention in the arena of photovoltaic 

solar cell technology in the past decade owing to their exceptional electron-photon 

conversion efficiency, simple fabrication routes, and extraordinary tolerance defects. Pb-

based hybrid perovskites; CH3NH3PbI3, have demonstrated remarkable device performance 

owing to their strong absorption and emission properties related to direct bandgaps [38]. 

However, eco-toxicity posed by harmful Pb compounds as well as the issue of photo-stability 

hinders their practical application and marketability in the photovoltaic industry [39]. Pb-

based hybrid perovskite solar cell devices are the most generally explored and more stable, 

but unfortunately they are not environmentally benign and therefore pose threat to human 

health. There is an ongoing debate in the scientific community concerning the hazardous 

effects of elemental Pb to the environment and human health because currently there are no 

systematic studies available to comprehensively address this issue [40]. It has been suggested 

by scientist that one of the possible ways to address this issue of eco-toxicity it could be 

through the reduction of the Pb quantity in the hybrid perovskite material. However, the 

question about the quantity of Pb is still not yet answered. Another important question is: can 

this quantity be compared with lead-incorporating devices such as batteries? This question is 

also not yet answered. 

For kesterite thin film solar cells, an advanced solar cell device performance of 12.6 % 

(certified record efficiency [31]) was achieved in 2008 – 2012 period by employing 

conventional Sn-based CZTSSe absorbers [41]. Power conversion efficiencies beyond 10% 

have been demonstrated recently by employing different absorber compositions [42,43]. 

However, the low open circuit voltage (VOC) is the common constraint restricting the 

performance in all of these kesterite-based solar cells chiefly when compared to the highest 

possible VOC value ruled by the Shockley-Queisser radiative limit (VOC,SQ) [44]. It was 
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pointed out by Bourdais et al. that all Sn-based kesterites devices fail to attain 60% of VOC,SQ 

[45,46], and this is not in agreement with the corresponding short circuit current densities 

(JSC) and fill factors (FF) attaining beyond 80% of their individually determined limits by 

calculations. The improved/advanced open circuit voltage (VOC) seems to be a requirement to 

position kesterite-based solar cells on par with their counterparts, namely; CdTe and Pb-

based hybrid perovskites.   

 

1.3 MOTIVATION/RATIONALE 

Energy from the sun (solar energy) is an enormous and abundant renewable energy source 

[47]. About 1500 exawatt-hours of global solar energy are consumed [48], although the 

terrestrial solar energy demand was only 0.03 exawatt-hours in 2018. Photovoltaics (PVs) are 

arguably the cleanest process of converting solar energy into electricity with no carbon-based 

by-products [47]. Nonetheless, in 2018, about only 440 terawatt-hours of solar energy was 

produced, with about 500 gigawatts of PV capacity installed globally by the end of 2018 [47]. 

It is predicted that 37 – 180 TW of PV capacity would be in demand to realise the goal of 

over 60 nations achieving net-zero carbon emissions, although PV deployment is estimated to 

soon reach the terawatt level [49]. The challenges hindering the scaling of PV capacity have 

been examined through various techno-economic analyses systems, some of which are 

thoroughly discussed in [47,49,50]. This goal could be realised by reducing the levelized cost 

of electricity (LCOE) and capital-intensity of manufacturing [50], which can be done by 

using thin film solar cells, in tandem solar cell devices. In tandem solar cells, two sub-cells 

absorbing in complementary region of the solar spectrum are combined together, thus 

transcending the theoretical limit of a single-junction solar cell device. Thin film solar cells 

technology forms part of the Internet of Things (IoT) since it can be integrated in buildings 
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(e.g. solar windows) and it also used indoors to provide power for small standalone gadgets 

[51]. Pb-based hybrid perovskite solar cell materials have recently emerged showing higher 

device learning-rates transcending any other PV material [51]. As of the end of 2020, Pb-

based hybrid perovskite PVs have now achieved a certified power conversion efficiency of 

25.5% (laboratory based scale) [52] since their first report in PV industry in 2009 (with 

power conversion efficiency of 3.8% [53]), transcending multi-crystalline silicon and nearly 

approaching the certified record efficiency of crystalline silicon solar cells (26.7% [52]). A 

perovskite-silicon tandem solar cell utilising Pb-based hybrid perovskite top cell and Si-based 

bottom solar cell have achieved a certified efficiency of 29.15% after only a period of 6 years 

of development [54,55]. To modulate (tune) the energy bandgap of hybrid perovskite 

materials, a vast range of compositional modification is done. This led to the realization of 

perovskite-perovskite tandems with power conversion efficiency of 25% [56]. Lower LCOEs 

than single-junction silicon solar cells have been estimated to be achieved by both tandem 

structures [51].  A power conversion efficiency of 35.2% has been achieved by single-

junction perovskite devices under indoor lighting conditions [57]. These high power 

conversion efficiencies are accomplished through low-temperature and simplistic solution-

processing and thermal evaporation processing. Therefore Pb-based hybrid perovskite solar 

cells hold substantial potential for the reduction of LCOE and capital-intensity of PVs. The 

development of non-toxic Pb-free perovskite solar cells is also another avenue explored for 

industrial application in the photovoltaic markets, mainly for interior power generation like 

wearable power households with stringent limitations on the eco-toxic Pb content [58–60].  

The European Commission classified some elements as critical raw materials (CRM) [61] 

posing as a threat to the environmental and human health. This classification by the European 

Commission has sparked an interest in developing CRM-free thin film PV technologies. 

Indium, gallium, and tellurium were among the CRM [62–65] classified by the European 
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Commission and this has called for the partial or total substitution in PV technologies. This 

has called for an upgrade design and advancement of solutions by developing CRM-free PV 

technologies with viable processes based on circular economy for the long-term maintenance 

of these novel technologies. Based on this context, numerous all-inorganic PV technologies 

employing non-toxic and earth abundant elements have been explored on different levels in 

the PV research industry [66] achieving success on different levels. The aim of these 

explorations (research) was to find out if it feasible to attain a cost-efficient all-inorganic PV 

technological solution which exclusively utilizes earth abundant and non-toxic elements. 

Kesterites materials have so far attained the highest power conversion efficiency in the range 

11 – 13% [31,67,68] among the emerging CRM-free technologies. Kesterite solar cell 

materials are closely related to the more developed Cu(In,Ga)(S,Se)2 (CIGSSe) technology 

which have already penetrated the commercial market [69] with device performance close to 

that of multi-crystalline silicon. 

 

1.4 AIM AND OBJECTIVES 

For NiCuZn hybrid perovskite thin films, the chief aim of this study is to synthesize and 

characterize air-stable hybrid perovskite thin film materials incorporating earth abundant and 

non-toxic transition metals which include Ni, Cu & Zn for potential application in planar 

heterojunction (PHJ) solar cells to address the issue of eco-toxicity posed by metal Pb in 

CH3NH3PbI3 and the issue of poor stability against air (oxygen) and humidity (moisture).  

For the development of CZGSe-based kesterite solar cells, this study seeks to address the 

issue of low open circuit voltage (VOC) which is the common constraint limiting the 

performance in all kesterite-based solar cells mainly when compared to the highest possible 
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VOC value ruled by the Shockley-Queisser radiative limit (VOC,SQ). This is done by utilizing 

Ge as a substitute for Sn in CZTSSe-based solar cells. 

The aim of this study will be achieved by the following objectives (in sequence); 

1. Prepare the reported lead triiodide perovskite thin films CH3NH3PbI3 (pristine 

perovskite) employing two step solution deposition technique for comparison 

purposes. 

2. Prepare new perovskites thin films employing Ni, Cu & Zn transition metals (at a 

doping level; from 1 to 10%); CH3NH3PbI3•Ni, CH3NH3PbI3•Cu and CH3NH3PbI3•Zn 

employing two step solution deposition technique. 

3. Confirm the perovskite structure formation and structural properties of all perovskite 

thin film materials under investigation by X-ray Diffraction (XRD) measurements. 

4. Confirm the chemical (elemental) composition of all the perovskite thin films by X-

ray Photoelectron Spectroscopy (XPS). 

5. Interrogate the microscopic properties of all the perovskite thin films under 

investigation by High Resolution Scanning Electron Microscopy (HR-SEM), and 

Atomic Force Microscopy (AFM). 

6. Probe the optical properties of all the hybrid perovskites thin films under investigation 

by Ultraviolet-visible (UV-vis) Spectroscopy and Photoluminescence (PL) 

Spectroscopy. 

7. Prepare the new CZGSe absorbers from various precursor stack order to determine the 

best one for a high quality absorber, i.e.; 

                        Stack Order (A): Mo/Cu(4nm)/Zn/Cu/Ge 

                        Stack Order (B): Mo/Zn/Cu/Ge 

                        Stack Order (C): Mo/Cu/Zn/Ge 
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8. Determine the optimal reactive annealing profile by varying the pressure and 

temperature. 

9. Explore different solutions to determine the best one for the elimination of secondary 

phases via chemical bath etching (CBE) technique. 

10.  Optimize the CdS buffer layer by adopting the optimal parameters reported in 

literature. 

 

1.5 THESIS LAYOUT 

This section gives the layout of the five chapters discussed in this thesis. 

Chapter 1: Introduction 

This chapter gives the background on photovoltaic (solar cell) technologies, research progress 

of the work done on both hybrid perovskite solar cells and kesterite solar cells, the 

shortcomings and challenges facing the commercialization of both hybrid perovskites solar 

cells and kesterites solar cells (problem statement), motivation, aim and objectives of the 

study. 

Chapter 2: Literature review 

A detailed literature review discussing progress on perovskite thin films solar cell 

technology, structural configurations of hybrid perovskites, doping mechanisms in hybrid 

perovskite materials, Pb-toxicity and Pb-free hybrid perovskite materials, thin films 

preparation techniques of hybrid perovskite materials and stability studies against relative 

humidity is outlined. 
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A detailed literature review discussing progress on kesterite solar cell technology, doping 

mechanisms in kesterite materials, energy bandgap optimization studies, Ge-alloying in 

kesterites and physical routes for the preparation of kesterite absorber materials and solar 

cells is also outlined. 

Chapter 3: Experimental Details 

This chapter discusses the experimental details of the study which include reagents and glass 

substrates used for the preparation of both the NiCuZn hybrid perovskites thin films and 

CZGSe kesterite absorber materials. The deposition techniques that were followed 

(procedure) to produce both the NiCuZn hybrid perovskite thin film and CZGSe absorber 

materials are also discussed. Lastly, details regarding the characterization 

techniques/instruments that were employed to interrogate the structural, optical, microscopic 

and electrical properties of the materials under investigation are also discussed. 

Chapter 4: Experimental Results and Discussion 

This chapter discusses in details the experimental results obtained in chapter 3. For NiCuZn 

hybrid perovskite thin film materials, the impact of transition metal dopants Ni, Cu & Zn on 

the structural, photo-physical and microscopic properties of CH3NH3PbI3 (host) is thoroughly 

discussed. For the development of CZGSe kesterite solar cells, a thorough discussion on the 

impact of precursor metallic stack order, annealing profile, secondary phases and CdS 

parameters on the CZGSe absorber quality and the photovoltaic performance of the resultant 

solar cell devices is also given. 

Chapter 5: Conclusive Summary, Recommendations and Suggested Future Work 

Draws a conclusive summary from experimental results obtained in chapter 4. 

Recommendations are made at the end and future works are also suggested. 
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CHAPTER 2 

 

Literature review 

2.1 HYBRID PEROVSKITE SOLAR CELL MATERIALS 

2.1.1 INTRODUCTION 

The development of clean and renewable energy is on high demand due to a rapid increase in 

energy consumption and pressure concerning environmental issues. Since solar energy is 

clean (environmentally benign) and cannot be exhausted, its utilization will play a significant 

role in effectively addressing the issue of global energy crisis and global warming in the near 

future. To date, solar cells based on silicon are still the main commercialized PV technology 

in the industry and they have reached the same level (equal price) to the conventional 

electricity generation technology, nevertheless, the preparation of advanced quality silicon 

wafers undertakes a complex preparation process resulting in expensive costs, which to some 

degree hinders their popularity [1–3]. Owing to their unique benefits such as low-temperature 

solution processibility [4–6], tunable energy bandgap [7–10], large absorption coefficient 

[11–13], long carrier diffusion length and lifetime [14–16], high electron and hole mobility 

[17–20], low exciton binding energy [21] and low defect density [22–25], Pb-based hybrid 

perovskites with structure of APbX3 (where A = MA
+
/FA

+
/Cs

+
 and X = halogen anion) have 

gained a significant amount of global attention. The power conversion efficiency of Pb-based 

hybrid perovskite solar cells has skyrocketed from the first reported value of 3.8 % to the 

current certified record efficiency value of 25.5% (which satisfy the requirements for 
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commercialization) over the past few years [26,27]. This was achieved by the optimization of 

deposition technology and the regulation of structural composition of Pb-based hybrid 

perovskite thin films [26,27]. However, the eco-toxicity posed by elemental Pb hinders the 

hybrid perovskite solar cells from penetrating the commercial market. Instability under 

relentless bombardments such as electromagnetic radiation [28–30], persistent heat [31–33], 

persistent humidity [34–37], exposure to oxygen molecules [38] and persistent exposure to 

electrical field [39] (which consequently hinders their commercialisation process), is the first 

issue faced by advanced Pb-based hybrid perovskite solar cells. There have been significant 

efforts to address this issue in order to revamp their environmental stability through 

compositional engineering [21,40,41], dimensional engineering [42,43], and encapsulation 

technology [44–47].  The significant improvement of the long-term stability of hybrid 

perovskites solar cells is showed by A site substitution of APbX3 by Cs
+
 cation to produce 

fully-inorganic perovskites and their resultant solar cell devices, largely for the thermal 

stability [48,49]. Moreover, it has been reported recently that the multi-halide perovskite 

solar cells can sustain 1800 h of Damp Heat test and 75 cycles of Humidity Freeze by an 

inexpensive polymer/glass stack pressure-tight encapsulation, exceeding the condition of 

IEC61215:2016 standard, showing the issue of stability facing the hybrid perovskite solar 

cells will be addressed in the near future [50]. Eco-toxicity posed by elemental Pb has slowly 

became another issue faced by Pb-based hybrid perovskite solar cells since Pb is harmful to 

the environment and biological health although Pb-based hybrid perovskite solar cells have 

achieved remarkable device performance. There is a lack of studies (research) dedicated in 

addressing this issue [51]. It has been determined by calculations that about 0.75 g m
-2

 of Pb 

is still present in a classic 550 nm-thick Pb-based hybrid perovskite solar cell, making it 100 

times more than that of the popular Pb-containing paints (0.007 g m
-2

) which adversely 

affects our biological health [52,53]. Two main approaches have been utilized to address this 
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issue and these approaches include the reduction of Pb leakage (outflow) [52,54] and partial 

or thorough substitution of elemental Pb [55–59]. The total substitution of elemental Pb is 

more collective and favourable for future commercialisation of stable and lead-free hybrid 

perovskites in the research fraternity [46]. Although hybrid perovskites solar cell materials 

have been extensively explored, little research has been dedicated in addressing the issue of 

eco-toxicity posed by elemental Pb. Metals ions that are less to non-toxic such as equivalent 

Sn
2+

 or Ge
2+

, trivalent Bi
3+

 or Sb
3+

, tetravalent Sn
4+

 or Ge
4+

 can be utilized for partial or total 

substitution of the eco-toxic Pb
2+

. The total substitution of Pb
2+

 by Sn
2+

 or Ge
2+

 ions holds 

great prospects thanks to their similar properties to Pb-based hybrid perovskites. However, 

the two bivalent ions (i.e. Sn
2+

 or Ge
2+

) are very sensitive to oxygen and can easily transition 

to Sn
4+

 and Ge
4+

, respectively, preventing their future development [51,60,61].  One of the 

ways that is considered as a good strategy to improve the stability of Pb-based hybrid 

perovskite is by the replacement of two Pb
2+

 cations with one tetravalent M(IV) cation to 

produce double perovskite A2M(IV)X6 [A = MA
+
/FA

+
/Cs

+
, M(IV) = Sn

4+
, Ge

4+
, Ti

4+
 or Pd

4+
] 

and another way is by the replacement of three Pb
2+

 cations with two trivalent (MIII) cations 

to produce A3M(III)2X9 [M(III) = In
3+

, Sb
3+

 or Bi
3+

][61–64]. Ordered metallic vacancies will 

be formed in order to maintain charge neutrality and this will a result in the reduction of 

electronic dimensionality (0D or 2D) and poorer carrier mobility [65]. Thus, a vast variety of 

desirable sunlight absorbers can be produced through quaternary double perovskite 

compounds with a representative formula of A2M(I)M(III)X6 [M(I) = Na
+
, K

+
, Rb

+
, Cu

+
, Ag

+
, 

Ag
+
, Au

+
, In

+
 or Tl

+
] [64,66,67]. A family of lead-free double perovskites named elpasolite, 

A2M(I)M(III)X6, has generated a lot of interest as emerging novel sunlight absorbers for 

hybrid perovskite solar cells [68–73]. To date, Cs2AgBiCl6 and Cs2AgBiBr6 lead free double 

perovskite materials hold great prospects as non-toxic alternatives for Pb-based hybrid 

perovskites since they had been reported for the first time by Slavney et al. [55]. Regardless 
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of their wide indirect energy bandgap, Cs2AgBiBr6 has showed a long photoluminescence 

lifetime (ca. 660 ns) and outstanding thermal and intrinsic stability in when compared to the 

popular MAPbI3. Till today, poor power conversion efficiency has been demonstrated by Pb-

free solution processed halide perovskite in comparison to Pb-based halide perovskite solar 

cells. Sn-based perovskite solar cell device has attained the highest power conversion 

efficiency of 13.24% [74] and only about 3% power conversion efficiency has been achieved 

by Bi-based perovskite [72], making these Pb-free halide perovskites inferior in comparison 

to that of the state-of-the-art perovskite solar cells. The poor thin-film quality which 

consequently produces undesirable defects and intense charge carrier recombination is the 

main cause of inferior power conversion efficiency. Preparation methods (or techniques) like 

hydrothermal method, hot injection approach, vapour deposition, pressure assisted solution 

deposition technique [75–78] have been developed recently as a way to advance the thin film 

quality of lead-free halide perovskite materials. Thus, more work needs to be dedicated to 

understand the structure, properties and recombination mechanisms of lead-free double 

perovskites in broader terms and to ultimately improve the photovoltaic performance of the 

devices. 

 

2.1.2 STRUCTURAL CONFIGURATION OF PEROVSKITES 

Perovskites are a class of materials with generic formula ABX3 belonging to the family of 

CaTiO3 minerals. Perovskite materials form stable structures from the 12- and 6-fold 

coordination of A and B cations, respectively. Despite the fact that CaTiO3 has structural 

distortions at respective corners, an ideal cubic perovskite structure is not common. What 

make perovskite materials appealing in many industrial applications are their attractive 

properties and their capacity to accommodate most elements in their structure. The work 

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



26 
 

concerning the information related to basic structure and configuration of perovskites was 

pioneered by Goldschmidt and co-workers in the 1920s [79,80]. The most common 

arrangement of the atoms in perovskites is the simple cubic structure. In the perovskite 

crystal structure, the body center of the cube is taken by the A-site cation while at the 8 

corners of the cube rest the B-site with a share equal to 1. Anions with share equal to 3 on the 

face centered positions occupy the X-site.  The ABX3 structure is the result of this 3-

dimensional atomic configuration. A large cation (either organic or inorganic) usually 

occupies the A-site, while small divalent metallic cations (e.g., Mn
2+

, Cu
2+

, Co
2+

, Mg
2+

, Ni
2+

, 

Sn
2+

, Pb
2+

, and Eu
2+

) occupies the B-site. Moreover, oxygen or halide ion (Cl, Br, I) occupies 

the X-site and these ions bind to both A and B cations[81]. Perovskites can be prepared by a 

wide range of elements with different valences while at the same time maintaining the overall 

charge neutrality of the compound [79]. The A – X and B – X bond distances are expressed 

as √2 (a/2) and a/2, where a = lattice constant, for an ideal cubic structure. Therefore,  

                                                     √2 (𝑟𝐴 + 𝑟𝑋) = (𝑟𝐵 + 𝑟𝑋)                                               (2.1) 

is used to express the relationship between the ionic radii of the cations and anion. 

Goldschmidt proposed the principle tolerance factor (𝑡), which gives information on the 

nonconformity from the ideal cubic structure, based on the relationship above (equation 1) 

[79]. 

                                                       𝑡 = (𝑟𝐴 + 𝑟𝑋)/[√2(𝑟𝐵 + 𝑟𝑋)]                                         (2.2) 

Therefore, 𝑟𝐴, 𝑟𝐵, and 𝑟𝑋 are the ionic radii of the A-site cations and B-site anions, 

respectively. In simple words, the tolerance factor (𝑡), gives the relationship between the 

ionic radii of the A, B, and X species. The magnitude of the tolerance factor (𝑡) indicates the 

structural orientation of the resulting perovskite material. For instance, the resultant 

perovskite structure for (i) 0.7 < t < 0.9: is an orthorhombic, for (ii) 0.9 < t < 1: a 
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rhombohedral, for (iii) t = 1 a simple cubic structure is obtained, and for (iv) 1 < t < 1.13: a 

hexagonal structure is obtained.  

 

Figure 2.1: Different phase transitions of perovskite structures. Reproduced with 

permission[82]. Copyright 2017, Elsevier. 

 

The formation of different structures discussed above results from the tilting of octahedral 

formed by the X anion. It is indicated in Figure 2.1 how the different perovskites can adopt 

the different values of the tolerance factor [82]. There are two requirements that must be 

satisfied for the formation of perovskites. Firstly, perovskite compounds must have an overall 

net charge of zero (charge neutrality, electroneutrality). This means that the net charge of A-

site and B-site site cations must be equivalent to that on the X-site anions. The charge 

distribution can be determined in the forms of A
1+

B
5+

X3, A
4+

B
2+

X3, or A
3+

B
3+

X3. Secondly, 

𝑅𝐴 > 0.090 nm and 𝑅𝐵 > 0.051 nm where 𝑅𝐴 = ionic radii of the A-site atoms and 𝑅𝐵 = ionic 
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radii of the B-site atoms. Moreover, 0.8 < t < 1.0 (accepted range for the tolerance factor). 

Another stability measure for the perovskites is known as the octahedral factor (µ) which is 

expressed by the following equation: 

                                                                       𝜇 =
𝑟𝐵

𝑟𝑋
                                                            (2.3) 

The coordination numbers of B-site cations and X-anions are determined with the help of the 

octahedral factor. Additionally, the valence, chemical stability and the operating temperature 

are few parameters that play a major role in determining the distortion, formation and 

stability of the perovskite structures. 

 

2.1.3 METAL HALIDE PEROVSKITES  

Owing to their attractive properties like high-efficiency optoelectronic characteristics (at 

inexpensive cost), metal halide perovskites holds great prospects as semiconductors for the 

next-generations optoelectronic devices. The utilization of metal halide perovskites has 

inspired the development of perovskite photovoltaic cells (solar cells). The power conversion 

efficiencies of the cutting-edge perovskite solar cells are competing on the same level with 

the best silicon crystalline silicon solar cells. CH3NH3PbX3 and CsPbX3 (where X = Cl, Br, 

or I) are some of the important metal halide perovskites explored in the arena of solar cell 

devices. Since metal halide perovskites have a tolerance factor close to 1, this submits that 

they can sustain a stable and symmetrical structure similar to those of perovskite type oxides. 

Researchers have reported that different phases of metal halide perovskites can be attained at 

different temperatures (i.e. orthorhombic: T≤ 165 K, tetragonal: 165 < T ≤ 327 K, cubic: T > 

327 K). The co-existence of tetragonal and cubic phases at room temperature has been 

proposed by some studies of thin films metal halide perovskites [83,84]. Additionally, an 
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introduction of super lattice can be utilized to enable metal halide perovskites self-adjust the 

configuration of phases and automatically create a buffer layer at boundaries [85]. Metal 

halide perovskites have a tunable energy bandgap and they display large absorption 

coefficients and exciton emissions at room temperature. Thus, metal halide perovskites have 

been reported as semiconductors materials with a direct energy bandgap [86].  

The modifications of organic cation molecules and halide anions have been utilized as a 

strategy to attain metal halide perovskites which exhibit strong and tunable 

photoluminescence emissions even at room temperature. The tunability of the energy 

bandgap of metal halide perovskites makes them suitable for various light-emitting 

applications such as lasers, light emitting diodes (LEDs), and optical sensors. The basic 

properties of metal halide perovskites which include type, concentration, and charge carrier 

mobility, can be largely influenced by the synthesis techniques of metal halide perovskite 

[83,87,88]. For example, an easy fabrication route is followed to produce polycrystalline thin 

films of metal halide perovskites and these thin films contain lesser structural defects in 

comparison to those of traditional semiconductors thin films. Since metal halide perovskites 

have gained so much significance in optoelectronic applications, the synthesis techniques of 

metal halide perovskites thin films has been a widely explored research topic [89,90]. The 

two most commonly employed synthesis techniques for the fabrications of metal halide 

perovskites include solution processing and vapour evaporation. In solution processing 

synthesis technique, precursors are evaporated, followed by mixing in the ideal solvents 

which will subsequently lead to the precipitation of metal halide perovskites attained via 

heating or spin coating. The commonly used precursors include metal and organic halides 

(e.g., methylammonium iodide (MAI) and lead iodide PbI2). N, N-dimethylformamide 

(DMF), hexane, dimethylsulfoxide (DMSO), toluene, γ-butyrolactone (GBL) are the 

commonly used solvents. The precursor’s concentrations and the reaction temperature play a 
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critical role in determining the phases of the organometal halide perovskites. However, 

tunable morphologies are not achieved via these processes (solution processing synthesis 

technique) and thus induce difficulties in large-scale applications of metal halide perovskites. 

Vapour evaporation technique is the second fabrication technique for the production of metal 

halide perovskite thin films. Although lower power conversion efficiency is attained 

employing this technique, in comparison to the solution processing technique, this technique 

produces metal halide perovskite thin films with higher crystallinity. Therefore, to produce 

metal halide perovskites thin films with better homogeneity and high crystallinity, researchers 

prefer thermal evaporation. For organometal halide perovskites, the A-site is occupied by an 

organic cation molecule, the B-site is occupied by the metal cation and the X-site is occupied 

by a halide anion. Organometal halide perovskites therefore benefits from the properties of 

both the inorganic and the organic molecules. Methylammonium lead triiodide (MAPbI3) has 

become a significant member of organometal halide perovskites and it has been extensively 

explored in photovoltaic applications owing to its high absorption coefficient, high electron-

hole mobilities (i.e., ambipolar nature) and long charge carrier diffusion lengths. 

Organometal halide perovskite nanoparticels are utilized in the manufacturing of LEDs 

owing to their high photoluminescence quantum efficiency (PLQE) and high colour purity. 

These attractive properties of organometal halide perovskites have awarded them with great 

prospects for future application in organic LEDs [91–95]. Organometal halide perovskites 

have for been utilized for various applications in the photovoltaic industry. Recently, a huge 

interest for the development of perovskite solar cells has been ignited by the utilization of 

different halide anions with different compositions. Within a period of 5 years, perovskite 

solar cells have attained power conversion efficiency beyond 20%. The achievement of this 

remarkable power conversion efficiency is owed to the excellent properties which include 

tubable energy bandgap, ambipolar semiconducting behaviour, and high conductivity. 

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



31 
 

Notably, there are concerns regarding the stability of organometal halide perovskites under 

ambient conditions and it is for this reason that they are not yet industrially commercialized. 

However, organometal halide perovskites have been used in many sensing applications e.g., 

gases [96,97], humidity [98] and explosives, etc. [90,99–101] due to their delicate (sensitive) 

nature. A reversible chemoresistive ammonia sensor based on CH3NH3PbI3 thin film has 

been reported with a good LOD [102,103]. The sensing of ammonia with high selectivity and 

fast response (61 s) has been done by taking advantage of the luminescent properties of 

CH3NH3PbBr3 [104]. An organometal halide perovskite material with mixed anions 

(CH3NH3)PbBr3-xIx was utilized for ammonia sensing whereby the weak bonding that exist 

between MA
+
 and NH

4+
 permitted a sensitive detection with high selectivity [105]. The all 

inorganic lead halide perovskites (e.g., lead halide nanocubes CsPbBr3) have also been 

studied for gas sensing applications, despite the organolead halide perovskites [106]. These 

nanocubes demonstrated high surface reactivity toward ozone with high sensitivity and fast 

response/recovery times [106]. Nanoparticles of metal halide perovskites have been utilized 

in many various types of applications. The synthesis of organometal halide perovskites 

nanoparticles was reported by Schmidt et al., among the first research groups who reported 

their synthesis. During the synthesis process, initial precursor solutions of CH3NH3Br and 

PbBr3 were mixed in dimethlyformamide (DMF) solvent. The following step was the 

precipitation of the organolead halide perovskite CH3NH3PbBr3 with acetone solvent. The 

product CH3NH3PbI3 exhibited a cubic phase perovskite structure with spherical morphology 

(≈ 6 nm) and a sharp absorption band at a wavelength of 525 nm, and this absorption was 

blue shifted when compared to the bulk crystal [95]. This discovery inspired many research 

scientists in the photovoltaics field to work in the development of organolead halide 

perovskite nanocrystals. All inorganic cubic perovskite nanocrystals of CsPbX3 (X = Cl, Br, 

I, and mixed Cl/Br and Br/I), with the particle size in the range of 4 – 15 nm, were 
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synthesized by Protesescu et al. [92]. Since the energy bandgap of CsPbX3 can be tuned by 

substitution of halide anions at X-site (i.e. X = Cl/Br or Br/I), the product CsPbX3 can exhibit 

a wide range of photoluminescence emissions at different wavelengths (i.e. 400 – 800 nm) 

[107]. 

 

2.1.4 DOPING MECHANISMS IN PEROVSKITES 

The primary physical and chemical properties of perovskite materials are modified by the 

incorporation of foreign atoms at different sites (it could be the A-site and/or the B-site) of 

the perovskite structure. This process is called doping. The modification of structural, 

microstructural, electrical, and magnetic properties of organometal halide perovskites can be 

attained via doping with anions and cations of different sizes and charges [108]. During the 

doping process, variations in the chemical state, mobility of the oxygen vacancies in the 

lattice, and the formation of crystal defects, or generations of anion vacancies result in such 

modifications in perovskite properties. The basic characteristics of the perovskite are 

determined by the bond between the X-anion and the B-site cation. In the event whereby the 

B-site cation is partially substituted with other metals (e.g., AB1-yMyX3), a hybrid perovskite 

structure with properties of two cations is realized [108]. The usual oxidation state of the B-

site is stabilized with the help of A-site cation forming a crystal vacancy. Since different 

cation molecules have different individual properties, the synthesis of different perovskites 

with different material properties and performances is possible. By doping both the A-site 

and the B-site with other species (e.g., different metal ions), the physical/chemical properties 

such as electronic conductivity and catalytic activity of the resulting modified perovskites can 

be altered. Thus, the development of perovskite materials with potential applications in 

several research fields can be attained through doping. The doping of oxygen vacancies at the 
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A-site in perovskite type oxides (PTOs) influences the morphology and surface area. The 

synthesis of LaxSr1-xCo0.1Mn0.9O3-δ (0.3≤ 𝑥 ≤ 1) nanofibers employing the electrospinning 

technique was first reported by Cao et al. [109]. The experimental results demonstrated that 

the diameters of the nanofibers decreased and the grain size and surface area increased when 

various concentrations of Sr (from 0 to 0.3) were doped on the La site [109]. This was due to 

the alteration of Mn-O bond length and the Mn-O-Mn bond angle induced by the Sr dopants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Change in properties of metal halide perovskites after doping. Reproduced with 

permission from Ref. [110]. Copyright 2018, American Chemical Society. 

The perovskite material stability and catalytic behaviour have been improved by doping of 

perovskites with transition metals at the B-site. The inclusion of two different ions at the B-

site of the perovskite structure results in the doubling of the unit cell structure AB0.5B
’
0.5O3  
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along  the x-axis. The oxygen atom is shifted toward more positive ions by doping with ions 

of different charges. Some examples of A- and B-site doped perovskites are given in Table 

2.1. 

Table 2.1. Examples of perovskites doped with different elements at their A-, B- and X-sites. 

A site B site X site 

La1-xPrxGaO3 [111] LaNi0.25Co0.75O3 [112] MAPbI3-xClx [113] 

La1-xNdxGaO3 [111,114] PrBaCo2O5+x [115] MAPbCl2Br [113] 

La1-xCaxMnO3 [116] LaTi0.65Fe0.35O3-δ [117] MAPbClBr2 [113] 

LaxSr1-xCoO3-δ [118] La0.75Sr0.25Co0.5Mn0.5O3-δ 

[119] 

MAPbBr2I [113] 

Sm0.92Bi0.08FeO3 [120] PrBa0.94Co2O5+δ [121] MAPbBrI2 [113] 

La0.5Sr0.5CoO3-x [122] MAPb0.75Sn0.25Br3 [123]  

La-xCexFeO3-δ [124] MASnxPb(1-x)I3 [123]  

 

Advanced optoelectronic properties were particularly demonstrated by metal halide 

perovskites after doping with a combination of halide ions or different individual halide ions. 

The eco-toxicity and eco-stability posed by elemental Pb on the B-site are some of the 

downsides encountered by metal halide perovskites. The substitution/doping of Pb
2+

 ions 

with other metal cations (e.g. Ln
2+

 and Mn
2+

) has been recommended in recent studies as a 

strategy to address these issues [125–129]. The doping of CsPbBr3 with Mn
2+

 and Cl
-
 (doping 

on both B and X-sites), respectively, has resulted in advanced photoluminescence and 

quantum yield properties [130]. The photoluminescence was tuned from 402 nm to 514 nm 

by utilizing this doping strategy, as seen in Figure 2.3 [130]. The effect of substitution of 

various elements in   
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A-, B-, and X-sites for the modification of the properties of metal halide perovskites is 

demonstrated in Figure 2.2 [110].   

Figure 2.3: Optical performance characteristics due to ion exchange mechanism. (a) 

Schematic of the ion exchange between CsPbBr3 and CsPb0.88Mn0.12Cl3 NCs. (b) UV (dashed 

line) and PL (solid line) spectrum of Cs(PbxMn1-x)(ClyBr1-y)3 with different Mn doping 

concentrations. (c) Ultraviolet photoelectron spectroscopy (UPS) of (i) of CsPbBr3, (ii) 

CsPbCl3, (iii) CsPb0.88Mn0.12Cl3 and (iv), CsPb0.93Mn0.07(Cl0.5Br0.5)3 NCs. Reproduced with 

permission from Ref. [130]. Copyright 2017, Royal Society of Chemistry. 

The synthesis of single phase and eco-stable CsPbxMn1-xClyBr3-y under ambient conditions 

was proposed by doping CsPbCl3 with high and sustained content of Mn
2+ 

[131]. An orange-

red photoluminescence emission at 600 nm was exhibited by the material CsPbxMn1-xClyBr3-y 
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owing to the high content of Mn
2+

 dopant [131]. CsPbxMn1-xClyBr3-y (Mn-doped perovskites) 

materials are recommended for sensing and actuating device applications. Similarly, the 

nanocrystals of Mn:CsPbCl3 have also been recommended for oxygen photoluminescent 

sensing probes [132]. As oxygen concentrations elevated from 0% to 100%, the 

phosphorescence intensity of Mn:CsPbCl3 reduced to 53% from its original value [132]. 

 

2.1.5 LEAD AND OTHER TOXICITY 

The composition of elemental lead [133] that leads to eco-toxicity [134] and bioaccumulation 

in ecosystems [135] impedes the industrial commercialization of perovskite solar cells based 

on organic-inorganic lead perovskites. CH3NH3PbI3-based perovskite solar cells contains 

about one third of lead (Pb) weight. The hybrid perovskite material will dissolve completely 

in water leaving PbI2 behind when exposed to rainwater [136]. It has been shown by 

analytical evaluations that only 70 ppm of lead is released by perovskite solar cell panel. 

When compared to the standards for low levels of contamination, this concentration (i.e.70 

ppm) is moderately low [137]. There is no adequate non-toxic threshold for lead exposure, 

even though it is detrimental and not cataclysmic. Moreover, a high degree of toxicity is also 

demonstrated by other elements such as iodine [138,139] and methylamine [140]. The 

nanoparticles of CH3NH3PbI3 are toxic to the health of human anatomy, and they can also 

reach and affect the neurological and the nervous system [141]. The synthesis of lead-free 

perovskite solar cells utilising the transition metal Cu has been reported by Daniele et al 

[142]. In the work of Daniele et al., (CH3NH3)2CuClxBr4-x compound was synthesized and 

the green photoluminescence emission was observed owing to Cu
+
 ions formation. The 

stability of MA2CuClxBr4-x can be attained by mixing halides and chlorine since it is highly 

deliquescent [142]. The performance was evaluated by electrochemical impedance 
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spectroscopy. It was found that low absorption and strong anisotropy impedes the 

photovoltaic performance of these cells. The thin film thickness and the photovoltaic 

requirements with restricted diffusion length are decided by the exact material combination. 

Since elemental tin Sn [60,143–146] belongs to group 14 transition metals, with four 

electrons in its outer shell, it is also considered to be suitable for Pb replacement. Since group 

14 transition metals have bigger atomic size, Sn causes the instability of +2 oxidation state 

[123]. It has been demonstrated by theoretical studies that I-5p orbitals of I3
-
 groups have an 

influence on the band-edge reconstruction. The new conduction-band minimum is then 

realized at the Brillouin zone, which enables the lead-free perovskite formation [147]. 

Vapour-assisted solution process [143,148] and hot injection technique [145] are employed to 

prepare lead-free perovskite thin films such as CH3NH3SnX3 (X = I, Br, CI). This end is 

attained by the interplay between two metal ions utilized by halide double perovskites 

[149,150]. The synthesis of 3-D double perovskites has been realized by the replacement of 

Pb
2+

 sites with an amalgamation of trivalent Bi
3+

 and monovalent Ag
+
 cations [151,152]. 

 

2.1.6 LEAD-FREE PEROVSKITE SOLAR CELLS 

To achieve high power conversion efficiency for solar cell devices, there are several key 

parameters that must be satisfied by the light-absorbing semiconductor materials used to 

fabricate the photovoltaics which include; narrow energy bandgap, low defect density, long 

carrier diffusion length, excellent carrier transfer kinetics and suitable conduction-band 

minimum/valence-band maximum. The unparalleled power conversion efficiency of the 

advance perovskite solar cells is dependent upon the electronic structure of Pb
2+

 due to the 6p 

orbital of the Pb-atom which plays a crucial role in the band structure of the traditional Pb-

based hybrid perovskite materials [153]. There are specific metallic ions, namely; Sn, Ge, Bi, 

Sb etc., which serve as the ideal alternative ions for Pb
2+

. For instance, the 5p orbital for Sn is 
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not as much dispersive and shallower, and this feature is advantageous for the narrowing of 

energy bandgap and improvement of charge carrier mobility, demonstrating great potential 

for application in lead free perovskites.  

 

i. Sn-based halide perovskites 

Likewise to the conventional APbX3 perovskite crystal structure, perovskites based on Sn
2+

 

consist of SnX6 octahedra network, and the A cation molecule is integrated into the open site 

to attain a stable structure with a balanced net charge [154]. The energy bandgaps of Sn
2+

 

based perovskites are determined to be indirect in the range of 0.75 eV to 1.3 eV, making 

them great potential candidates for photovoltaic application [155]. In 2012, Chen et al. 

reported for the first time a Sn
2+

-containing photovoltaic cell based on CsSnI3 perovskite thin 

film semiconductor synthesized through vacuum deposition technique, whereby charge 

separation resulting in lower power conversion efficiency of 0.9% (due to slow-moving 

charge extraction mobility) was realized by manufacturing a Schottky junction [156]. In 

2014, Noel et al. fabricated for the first time CH3NH3SnI3 thin film onto mesoporous –TiO2 

scaffold employing a spin-coating technique to launch an analogous solar cell device as a 

strategy to further improve the performance of Sn
2+

-based lead free perovskite solar cells, and 

this strategy resulted in significantly improved power conversion efficiency up to 6.4% [1]. 

Simultaneously, the optical energy bandgap of CH3NH3SnI3-xBrx was systematically 

optimized from 1.3 eV to 2.15 eV with increasing content of Br by Hao et al. and this 

eventually produced an advanced architecture of FTO/TiO2/CH3NH3SnIBr2/Spiro-

MeOTAD/Au which attained a power conversion efficiency of 5.73% [123]. Many strategies 

were since then explored to revamp the power conversion efficiency of Sn-based lead free 

perovskite solar cells. 
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ii. Ge-based halide perovskites 

Another potential candidate to replace the eco-toxic Pb is elemental germanium (Ge), for 

lead-free halide perovskites. It has been predicted by many theoretical studies that 

perovskites containing elemental Ge hold excellent optoelectronic properties for potential 

application in solar cell devices [157–160].  Nonetheless, power conversion efficiencies of 

only about 0.11% and 0.2% for CsGeI3 and MAGeI3, respectively, were demonstrated by the 

first Ge
2+

-based perovskite solar cells [160]. Likewise to Sn
2+

 ions, the low photovoltaic 

performance of Ge-containing perovskite solar cells is chiefly attributed to the fast oxidation 

of Ge
2+

 to Ge
4+

 which produces devices with poor stability; additionally, wider energy 

bandgaps of 1.63 and 2.0 eV for CsGeI3 and MAGeI3, respectively, matching well to that of 

perovskites based on Sn
2+ 

[160]. It has been demonstrated recently by both theoretical and 

experimental studies that the mixed Ge-Sn is a good choice to optimize the photovoltaic 

performance of perovskite solar cells based on Ge
2+ 

[157–164]. The properties of Ge-Sn 

mixed halide perovskites (exhibiting tunable energy bandgap from 0.9 eV to 3.15 eV) with 

perovskite crystal structure formulation of AB’0.5B”0.5X3 and A’0.5A”0.5B’0.5B”0.5X3 have 

been predicted by Zeng et al. [161]. RbSn0.5Ge0.5I3 (with energy bandgap from 0.9 to 1.6 eV) 

is one of the best solar absorber materials among all of the anticipated solar cell materials, 

with a potential to produce up to 25% Shockley-Queisser efficiency for single-junction solar 

cells [161]. A series of mixed halide perovskites based on Ge-Sn, MASn(1-x)GexI3 (0 ≤ 𝑥 ≤

1) (with energy bandgap of 1.3 – 2.0 eV) was further prepared by Nagane et al., showing that 

they are the best candidates for solar cell applications from single junction device to tandem 

solar cells [162]. The power conversion efficiency of FA0.75MA0.25SnI3 was improved to 

4.48% which was attained through doping small amount of Ge
2+

 (at 5%) to form mixed 

halide perovskites based on Ge-Sn [163]. Remarkably, a power conversion efficiency of 

6.9% was attainable after 72 h under inert N2 atmosphere. The advanced power conversion 
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efficiency can be ascribed to Ge-induced reduction of the Sn vacancy concentration, showing 

the synergistic outcome between elemental Ge and Sn [165]. A recent study demonstrated 

that the trap density can be decreased significantly from 10
15

 to 10
17

 cm
-3

 (devoid of Ge) to 

10
8
-10

14
 cm

-3 
[164]. The carrier diffusion length could be improved to 1 µm through 

compositional engineering, and the addition of SnF2 resulted in Ge-Sn mixed halide based 

perovskite solar cells with a record power conversion efficiency of 7.9% [164]. More 

experimental work is still needed to thoroughly explore this family of lead-free perovskite 

materials. 

 

iii. Bi-based halide perovskites 

Elemental bismuth (Bi) is one of the eco-friendly metals with the same electronic 

configuration and ionic radius as elemental Pb and elemental Sn, making it a favourable 

potential candidate for application in eco-friendly and eco-stable lead-free perovskite solar 

cells. Since Bi has a +3 valence state, perovskites based on ternary Bi
3+

 mostly assume a 

structure with a formula A3Bi2X9 achieved by the replacement of Pb
2+

 with two Bi
3+

 whereby 

A is occupied by a monovalent cation like MA
+
, FA

+
, Cs

+
 or Ag

+
, and X is occupied with a 

halogen anion like I
-
 or Br

- 
[166]. The structure and optoelectronic properties of Bi

3+
 based 

perovskites have been explored to find out their potential application in solar cell devices 

[167–169]. A new kind of sunlight absorber materials; MA3Bi2I9 and Cs3Bi2I9, was 

successfully synthesized by Eckhardt and Park et al. in 2015 [168,169]. These Bi
3+

-based 

perovskite materials both demonstrated a 0D structure (with face-sharing octahedral) in 

contrast to corner-sharing octahedral for 3D MAPbI3. Cs3Bi2I9 perovskite materials attained 

an optimal power conversion efficiency of 1.09% by constructing a photovoltaic device with 

glass/FTO/TiO2/(Cs3Bi2I9)/HTM/Ag architecture [169]. The poor power conversion 
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efficiency was attributed to wider energy bandgap (over 2.0 eV) and poor thin film quality 

[170]. Sulphur doping strategy was employed as an attempt to advance the photovoltaic 

performance and this strategy could regulate the energy bandgap from 2.1 eV to 1.45 eV. The 

advanced thin film quality (attained through sulfur doping strategy) resulted in carrier 

mobility of 2.28 cm
2
V

-1
s

-1
 which was 5 times greater than that of the benchmark Cs3Bi2I9 

[171]. The energy band gap structure of MA3Bi2I9 and Cs3Bi2I2 perovskite materials can be 

modulated by altering the stoichiometric ratio in perovskite precursors charting a course to 

high-efficient photovoltaic platforms [172]. 

 

iv. Sb-based halide perovskites 

The trivalent antimony (Sb
3+

), likewise to Bi
3+

, has also been extensively explored for 

potential application in eco-friendly lead-free perovskite solar cells. Perovskites based on Sb, 

assuming the structural formula: A3Sb2X9, whereby A is occupied by a monovalent cation: 

MA
+
, FA

+
 or Cs

+
 and X is occupied by the halogen anion: I

-
, Br

-
 and Cl

-
, have demonstrated 

potential for application in photovoltaics (solar cells) ascribed to the analogous crystal 

structure and properties of species based on Bi [46,173]. 0D MA3Sb2I9 perovskites with a 

wide energy bandgap of 2.14 eV and an absorption coefficient of 10
5
 cm

-1
 was reported for 

the first time in the year 2016 by Hebig et al. Nonetheless, a poor power conversion 

efficiency of 0.49% was attained through constructing solar cell device with planar 

heterojunction architecture [174]. The poor photovoltaic performance was ascribed to wide 

bandgap, poor thin film quality, non-uniform thin film morphology and low photocurrent 

densities. Hydroiodic (HI) acid additive was integrated into A3Sb2I9 (A = MA
+
, Cs

+
) 

precursor solution to produce perovskite thin films with high quality and less toxic defects as 

a strategy to address the issue of poor photovoltaic performance [175,176]. Optimal power 
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conversion efficiencies of 2.04% and 0.84% were attained for perovskite solar cells based on 

MA3Sb2I9 + HI and Cs3Sb2I9 + HI, respectively, when constructing solar cells with 

architecture of glass/ITO/PEDOT:PSS/A3Sb2I9/PC71BM/C60/BCP/Al [175]. The 

manufacturing of highly efficient solar cells is generally achieved by employing doping 

engineering since it is a simple and effective technique. The incorporation of elemental Cl 

into the crystal lattice prevents the formation of 0D dimer phase and this doping strategy has 

produced a 2D layered MA3Sb2ClxI9-x perovskites with an optimal power conversion 

efficiency of 2.1% (JSC = 5.04 mAcm
-2

, VOC =0.69 V, FF = 63%). The 2D layered perovskite 

phase becomes more stabilized under ambient conditions (due to increased decomposition 

enthalpies ΔHdec) and this was achieved through increased Cl-doped concentrations [177]. In 

this approach, the optimization of the thin film composition and quality is crucial for the 

advancement of the photovoltaic performance of lead free perovskite solar cells. 

 

2.1.7 FABRICATION TECHNIQUES OF HYBRID PEROVSKITE THIN FILMS 

The synthesis technique employed for the fabrication of hybrid perovskite thin films 

materials plays a crucial role in the study and development of perovskite solar cells 

technology. The crystallization of perovskite thin films is chiefly effected by fabrication 

factors such as time, doping, solvent mixtures, and humidity[178]. Additional fabrication 

paths and the carefully chosen solvents lead to intermediate phases and also influence the 

photovoltaic performance of the devices based on the quality of thin film deposited[178]. 

There is a difference between the synthesis and analysis protocol for large-scale production 

and laboratory analysis. In this study, the synthesis and analysis protocol employed will be 

for laboratory analysis. Hybrid perovskite solar cell devices that attained high power 

conversion efficiency based on the laboratory scale (small solar cell devices), do not hold 
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potential for industrial commercialization. Sustained eco-stability, lucrative, and sustained 

advance power conversion efficiency perovskite solar cells are required for large-scale 

production and commercialization.  

Figure 2.4: One-step and two-step spin-coating procedures for CH3NH3PbI3 formation [179] 

used in accordance with the Creative Commons Attribution (CC BY) license. 

A one-step and two-step spin-coating techniques are shown in Figure 2.4. In a one-step spin-

coating technique, the hybrid perovskite thin film is obtained by thoroughly stirring the 

perovskite precursor solution, followed by casting it onto the substrate and thereafter 

accelerated at an optimal speed to evaporate the solvent [180]. The crystalline hybrid 

perovskites are attained in the second step after thermal annealing at a suitable temperature to 

remove the residual solvent. Scattered nanodots [181] and very thin layers of hybrid 

perovskites [11] are obtained when CH3NH3PbI3 or CH3NH3PbI3-xClx are synthesized by 

spin-coating technique. To manage common disadvantages such as poor quality of the thin 
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film, small grain sizes, and dense pinholes, additive engineering [182,183] is utilized to attain 

hybrid perovskite thin film materials with ideal grain sizes.  An advanced power conversion 

efficiency of 19.19% was attained through this process. The formation of non-uniform 

thickness from center to edges of hybrid perovskite thin film is another chief shortcoming of 

spin coating technique. PbI2 full coverage with cube-like perovskite structure is delivered by 

two-step spin-coating technique [179]. In 2013, the two-step spin-coating technique was 

reported for the first time as an effective method for the fabrication of perovskite solar cells. 

In a two-step spin-coating technique, a step-by-step spin-coating of PbI2 solution and 

methylammonium iodide (MAI) solution is carried out on the glass substrate. To drive the 

interdiffusion process of precursors, a whole spin-coating system is thermally annealed at a 

temperature of 100℃. In one-step spin-coating technique, an uncontrolled precipitation of 

hybrid perovskites is produced and this results in enormous variations in morphology which 

hinders potential for industrial applications and commercialisations. Therefore, in 

performance sequential deposition technique [184], PbX2 solution is spin-coated first on the 

substrate, followed by dipping (soaking) into MAI solution. The variations of performance 

are carried out in accordance to soaking time, usually varied from 5 s to 2 h. It was found that 

the ideal soaking (dipping) time is 15 min, which produced hybrid perovskite solar cell 

device with advanced current density and open circuit voltage from 10.1 mA/cm
2
 and 933 

mV (5 s) to 15.1 mA/cm
2
 and 1036 mV (15 min) [185], respectively. This technique can 

perform effectively for nanostructured hybrid perovskite devices constructed following 

planar heterojunction archetype. The two-step spin-coating deposition technique is an 

analogue of sequential vapour deposition technique except that the latter utilizes vapour 

deposition which produces layered multi-stack hybrid perovskite thin films over a large area 

[186].  
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Figure 2.5: (a) Schematic illustration of perovskite film formation through VASP, (b) cross-

sectional SEM image, (c) current density-voltage (J-V) characteristics of the solar cell based 

on the as-prepared perovskite films under AM 1.5G illumination, and cross-section; SEM 

image of the device (inset). Reproduced with permission from Ref. [187]. Copyright, 2013, 

American Chemical Society. 

Before thermal annealing was done, MAI and PbI2 were first vapour deposited on top of a 

substrate as layers. Vapour-assisted solution technique which is also known as blended 

deposition technique was employed by Yang et al. to fabricate MAPbI3 thin films as 

demonstrated in Figure 2.5 [187]. Spin-coating technique was used to deposit a solution of 

PbI2 (dissolved in N,N-dimethylformamide solvent) on top of the substrate. The substrate 

coated with PbI2 was later annealed in MAI vapour at a temperature of 150℃ in a glovebox 

filled with inert nitrogen gas to yield hybrid perovskite thin film over a desired time. 

Although the production of hybrid perovskite thin films with good thin film quality (good 

thin film uniformity) is attained employing spin-coating techniques for experiments 

performed on a laboratory scale, there are however, downsides regarding wastage of 

precursor solutions (solutions spill out of the substrates) during spin-coating at a specific 
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speed, and this makes the techniques undesirable for large-area (or large-scale) production 

due to low material transfer efficiency. Nonetheless, perovskite solar cells are primarily 

fabricated employing vacuum and solution processing techniques by starting with the organic 

and inorganic complements of the hybrid composition. Hybrid perovskite thin films with 

rough surface are undesirably produced by solution process technique. For a technique that 

involves a vacuum process, high energy is required to create vacuum conditions, and since 

MAI powder is flaky, this makes the whole synthesis difficult to control. The controllable 

thin film quality was attained through vapour assisted solution process (VASP). In VASP 

technique, the hybrid nature of the perovskite materials is exploited, the organic halides have 

the low sublimation temperature and the reaction taking place between the organic and 

inorganic groups occurs at a very fast rate. This approach (VASP technique), attained hybrid 

perovskite thin film with full surface coverage, 100% precursor transformation, uniform grain 

structure, and print size up to 2 µm. Moreover, this technique (VASP) produces hybrid 

perovskite thin films free of pinhole defects and produces photovoltaic devices with power 

conversion efficiency of 15.4% [186]. A dual-source vacuum deposition technique was 

utilized to fabricate hybrid perovskite solar cells by Snaith et al. To achieve advanced thin 

films uniformity employing the dual-source vacuum deposition technique, MAI and PbCl2 

were respectively preheated to 120℃ and 325℃ [186]. There are few issues encountered by 

vapour-based deposition processes which include expensive manufacturing cost and the 

ability to attain high efficiencies, in comparison to solution-based deposition processes 

[188,189]. It has been demonstrated through analysis that large crystal would have a visible 

effect on the power conversion efficiency of hybrid perovskite photovoltaic devices, charting 

a course to the development of hot-casting deposition technique. Large output and ultrafast 

production is guaranteed by this technique [190]. In hot-casting technique, the temperature of 

the MAI precursor is sustained at 70℃ and transferred instantly to the spin-coater (at a 
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specific rotating speed) in a period of less than 5s. The thin film with large grain size is 

attained by spin-coating for about 30s as it helps in cooling and fast quenching of the thin 

film. A schematic diagram of the hot-casting technique is demonstrated in Figure 2.6 and the 

proportional relation between temperature and large grain synthesis is demonstrated. A 

comparative chart of grain size and processing temperature for the hot-casting technique and 

conventional annealing technique are illustrated in Figure 2.6 (d) [191]. It was confirmed by 

this comparison that the formation (synthesis) of large crystals is defined by the evaporation 

rate. A fully printed planar-heterojunction perovskite solar cell fabricated by slot-die coating 

was constructed by Vak’s group in the year 2015 [192,193]. Various techniques which 

include screen printing, inkjet printing, knife coating, gravure printing, slot-die coating, spray 

coating, and flexo-graphic printing have been employed for the large-scale (large-area) 

hybrid perovskite production for roll-to-roll fabrication [194]. Mass flow determines the thin 

film thickness in slot-die coating since it is a pre-metered coating process. The formation 

(synthesis) of thin film stripes of uniform thickness is controlled by the metered solution 

feed. Additionally, zero loss of solvent can is attained through complete transfer of the 

solution to the substrate. There are two steps involved in this process. The heating of the glass 

substrate at a temperature of 70℃ which yields dense and glassy PbI2 takes place at the first 

step [184,194].  
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Figure 2.6: (a) Hot-casting technique and (b) optical micrographs of grain formation as a 

function of substrate temperature with casting solution maintained at 70℃. (c) Large area 

grain formation using casting solvents with high boiling points. (d) Comparison of grainsize 

as a function of processing temperature obtained for the hot-casting and conventional post-

annealing. Reprinted with permission from Ref. [191]. Copyright reserved 2015 by American 

Association for the Advancement of Science. 

The quenching mechanism is replicated in the second step for the purpose of avoiding large 

crystals. The process entails nitrogen flow at a high pressure that permits rapid drying of the 

layers. The integration of spray coating and doctor blading with the roll-to-roll process are 

few techniques that are beneficial. Spray coating technique originates from the fabrication of 

polymer solar cells [195]. The large-scale (large area) production of hybrid perovskite solar 

cells at room temperature is assisted by combining the spray coating with ultrasonic spray. 
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This technique produced hybrid perovskite solar cells that attained a power conversion 

efficiency of 13% on top of a glass substrate with 0.0651 cm
2
 active area [196]. It has been 

reported that the spray coating technique is good for the fabrication of tandem structural 

devices and halide perovskites with mixed cations that attains improved photovoltaic device 

performance and eco-stability [197]. This technique (spray coating) utilizes least solid 

concentration for the fabrication of large scale (large area) hybrid perovskites, however, its 

downside is too much restrictions on boiling points of solvents used. The inkjet process 

technique is the production of hybrid perovskite thin films through a programmable process; 

however, its downside is the limits owed to ink properties [198]. The advantages of doctor 

blade technique include better crystal quality, higher thin film surface coverage, cost-

efficient, slower evaporation time, nil solution waste, and the process can be carried out 

under ambient conditions [199]. This technique has been reported to be complementary with 

the roll-to-roll production process for the fabrication of optoelectronic devices [192,200,201]. 

Large crystalline domains, high quality thin films, and air-resistant CH3NH3PbI3-xClx hybrid 

perovskite thin films can be prepared by applying doctor blade coating technique under 

ambient conditions. Better crystals and higher thin film surface coverage are attained through 

slower evaporation time. Slow solvent drying process boosts the large crystalline domains 

formation on the uniformly wet thin film formed by solution blading for hybrid perovskite 

materials [202,203]. 
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2.1.8 STABILITY OF HYBRID PEROVSKITE MATERIALS 

The existence, readiness, and commercialization of perovskite solar cells are largely affected 

by issues and parameters such as stability and degradation. Perovskite solar cells have been 

reported to degrade within a few hundred hours of operation and hence the issue of stability is 

such a concern. Perovskite solar cells have also been reported to only sustain 80% of original 

power conversion efficiency after 500 h of operation even after the essential coating (or 

encapsulation). It has been observed that as the degradation (decomposition) increases over 

time, the power conversion efficiency of perovskite solar cells decreases (inversely 

proportional). The perovskite solar cells stability is evaluated by the International 

Electrotechnical Commission damp heat test (at 85℃, 85% relative humidity) standard. A 

stable solar cell device can sustain its power conversion efficiency with less than 10% 

decrease of its initial value after 1000 h of heat and humidity exposure [204,205]. This goal 

has not yet been realized for hybrid perovskite solar cell devices. There are significant factors 

that affect the stability of perovskite solar cells which include ultraviolet exposure, sensitivity 

to moisture (humidity) and thermal stress [206,207]. Additionally, eco-toxicity and safety 

issues posed by metal Pb have been the prominent impediment for the commercialization of 

perovskite solar cells [134]. The best fabrication technique for the large-scale production of 

perovskite solar cells is still under investigation. Cross-linking additives and compositional 

engineering can be utilized to regulate the hybrid perovskite material stability [208]. The 

addition of Pb(CH3CO2)23H2O and PbCl2 combination in precursors is the best example 

[209], in addition, utilizing cation cascade which include Rb and Cs cations [7,32]. The 

instability is also induced by the supplementary layers of the perovskite solar cells. The 

stability status is described by the drop of different photovoltaic performance parameters 

which include short circuit current density (JSC), open circuit voltage (VOC), fill factor (FF), 

and power conversion efficiency (𝜂). The photovoltaic performance parameters are also 

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



51 
 

influenced by factors such as the fabrication technique employed, charge separation, light 

absorption, charge carriers transport mechanisms of different layers. In contrast to organic 

solar cells, there are three steps involved in the deterioration behaviour of VOC in hybrid 

perovskite solar cells, CH3NH3PbI3. The first step involved is the rapid partial deterioration 

within 10 to 100 µs, the second step is a very slow deterioration between 1 and 100 ms and 

then a last fast deterioration occurs on the 10-s timescale [210]. For a hybrid perovskite solar 

cell, the first deterioration occurs until 70%, in contrast to organic solar cell which 

deteriorates rapidly on a 1s timescale. The time required to reach half of the initial 

absorbance in set conditions is called half-life. The strength of decomposition is determined 

by half-life, predominantly due to relative humidity. The half-life of perovskite solar cell 

based on CH3NH3PbI3 films are estimated to be 4, 34, 1000, and 10000 h for relative 

humidity of 98%, 80%, 50%, and 20%, respectively. It has been found that under ambient 

conditions (at specific relative humidity), the moisture diffuses into the bottom of the 

perovskite layer alongside the grain boundaries confirmed by the finding that the half-life is 

not be dependent on the thin film depth [211]. The technique through which the stability of 

hybrid perovskite materials is evaluated is also a crucial factor. It has been found by a group 

of researchers at Aalto University that only a little portion of stability tests performed on 

solar cells based on hybrid perovskite materials and dye sensitized solar cells (DSSCs) satisfy 

the proper requirements [212]. About 261 aging tests performed on solar cell devices were 

analysed by a research team and major limitations were observed in the procedure of 

reporting test results and testing technique. The significance of the standardization of testing 

technique was stressed by these defects. Tests are presently carried out on a single cell and 

only in a dark area [212]. It has been stated by many reports that samples that are stable when 

exposed to humidity were found to display instability in ultra-violet light [212]. About 15 

tests were carried out outdoors and cells were connected to three of them (tests), producing 
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inaccurate results; indicating that verifications need to be done in real-world conditions by 

performing tests in groups of several cells to achieve standardization [212].  A new technique 

has been developed by the same team which saves time, effort, and could evaluate 

degradation (deterioration) with improved accuracy. The degradation of hybrid perovskite 

thin films is displayed by a yellow colour which occurs when they get heated, turning from 

dark brown (black) to lead iodide colour (yellow). This degradation does not occur in its bulk 

form, owing to the catalytic activity of humidity and decreased surface area in comparison to 

thin films [212]. PMMA [poly(methylmethacrylate)] can be utilized to protect perovskite 

solar cells from humidity to a certain degree. PMMA also promotes nucleation and formation 

of compact hybrid perovskite thin films [213].  

 

2.2 KESTERITE SOLAR CELL MATERIALS 

2.2.1    INTRODUCTION 

Solar energy is the best candidate to satisfy the global energy demands owing to its 

sustainability (unlimited supply) while at the same time reducing global warming because of 

its carbon neutrality. Researchers have devoted a lot of effort searching efficient photovoltaic 

materials that can harness solar energy (or sunlight) directly into electrical energy [214]. 

Numerous solar cell technologies have penetrated the commercial market, chiefly those that 

are Si-based [215–218], CdTe thin-film-based technologies [219–221], Cu(In,Ga)Se2 [222–

224], GaAs [225–227], hybrid organic-organic halide perovskites [32,228,229], conductive 

organic polymers [230–232], and molecular dye-based [233–235]. Even though 

environmentally benign printing techniques have been employed to produce cheap, eco-

friendly organic/polymer photovoltaic cells [236,237], advance performing solar cells 

fabricated utilizing inorganic materials with great potential are so far incompetent to replace 
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fossil fuel power stations because they incorporate costly (Te, In, and Ga) and/or eco-toxic 

(Cd, Pb, and As) elements or, with regard to hybrid organic-inorganic perovskite solar cells, 

they demonstrate poor stability against moisture and/or humidity [238–240]. Therefore, to 

fabricate an advance performing, scalable and eco-friendly solar cell structure; researchers 

must in tandem take into consideration the power conversion efficiency, expenditure, eco-

toxicity, simplicity of production, and eco-stability.  The solar absorber material Cu2ZnSnS4 

(CZTS) incorporating cheap and eco-friendly elements, possessing optimum energy bandgap 

of ≈ 1.39 − 1.52 eV [241] and demonstrating stability against moisture/humidity [242–245] 

has been attracted significant attention in the arena of photovoltaics over the last decade. 

Nevertheless, the growth of defects (e.g., antisites, vacancies, and their clusters) can 

materialize at high annealing temperature of 600K [246,247], yielding solar cell 

inefficiencies [248,249]. The energy bandgap and the content of Shockley-Read-Hall (SHR) 

recombination centers [250,251] (𝑥SRH) are the two critical factors for the optimization of 

kesterite solar cells as shown in Figure 2.7. The energy bandgap of the kesterite absorber 

material which is determined by the polymorph (𝐸g
Stannite < 𝐸g

Kesterite, typically [252,253]), 

is directly proportional to the open circuit voltage (VOC) of the photovoltaic device while 

𝑥SRH determines the short-circuit current (𝐼SC), with concentration inversely proportional to 

current. Granted that the power conversion efficiency is in direct proportion to the product of 

VOC and 𝐼SC, it is clear that the solar cell power conversion efficiency is increased by 

increasing 𝐼SC(i.e., decreasing 𝑥SRH) (from high to low 𝑥SRH, contours become greener in 

Figure 2.7). However, the VOC cannot be amplified without certainty in the same way the 

1.34 eV optimal energy bandgap 𝐸g [254] is determined by the Shockely-Queisser limit 

[255], with quasi-exponential drop in power conversion efficiency upon divergences away 

from that value. The effects of neutral defects hosted by CZTS on the physics and 

photovoltaic performance of kesterite solar cells are given in Table 2.2.  
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Figure 2.7: Schematic road map of substitution strategies considered, from Cu2ZnSnS4 

(CZTS) to Cu2CdGeS3Se (CCdGSSe), where C is Cu
1+

, Z is Zn
2+

, M is Mg
2+

, T is Sn
4+

, G is 

Ge
4+

, ↓CZTGS is Cu2ZnSn0.875Ge0.125S4, and ↑CZTGS is Cu2ZnSn0.5Ge0.5S4. The horizontal 

and vertical axes correspond, respectively, to the concentration of Shockley-Read-Hall 

recombination centers (𝑥SRH) [250,251] and the energy bandgap (𝐸g), where 𝐸𝑔
SQ

 is the 

energy bandgap that maximizes the Shockley-Queisser (SQ) limit [254,255]. Red and green 

contours indicate regions of lower and higher solar cell efficiency, respectively. Reproduced 

with permission from Ref. [256]. Copyright 2021, The Royal Society of Chemistry. 

The defects are labelled using a simplified Kroger-Vink notation 𝑀S (in Table 2.2 and 

thereafter), where M represents the point defect species, which can either be an atom (e.g., 

Cu) or a vacancy (V), and S represents the lattice site occupied by the species. In place of 

CuX + XCu, Cu
+
 and X

2+
 cations exchange sites leading to the growth of shallow  donor (XCu) 

and acceptor (CuX) levels within the energy bandgap, causing conduction and valence band 

edges spatial fluctuations.  
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Table 2.2. Defects considered and their effects on the physics of kesterite solar cells and 

solar cell parameters. X is Zn, Cd, or Mg; Y is Sn, Ge, or Si; 𝐸g is the bandgap; VOC is the 

open-circuit voltage; and 𝐼SC is the short-circuit current. 

Defect Effect on the physics of kesterite solar cells Primary effect on solar cell parameters 

CuX + XCu Causes electrostatic potential fluctuations Decreases 𝑉OC 

VCu Mitigates potential fluctuations along valence band edge Increases 𝑉OC 

2CuX + YX Causes Shockley-Read-Hall recombination Decreases 𝐼SC 

 

These spatial fluctuations results in the effective energy bandgap reduction, consequently 

reducing the VOC of the kesterite absorber material [248,257–262]. It has been predicted by 

quantum mechanics simulations that the potential spatial fluctuations along the valence band 

edge can be reduced by Cu vacancies, which can lessen any energy bandgap reduction 

induced by CuX + XCu clusters [248]. As a result, VCu is inclined to lessen any potential 

reduction in VOC, in coherence with the Cu-poor preparation conditions that are normally 

employed to attain the optimum power conversion efficiency [246,263,264]. Lastly, in place 

of 2CuX + YX, two Cu
+
 and one Y

4+
 supplant the three X

2+
, leading to the deficient X

2+
-

crystal and rich Cu
+
/Y

4+. It has been revealed by previous quantum mechanics studies that 

the localized trap states proximate to energy bandgap center are produced by 2CuZn + SnZn, 

which advance SRH recombination and thus decreasing the ISC of CZT [253,265,266]. It has 

also been observed that the interface recombination can lower the open circuit voltage VOC 

[267,268]. Nevertheless, Wexler et al. [256], focused their work on repressing the growth of 

well-known detrimental bulk defects to kesterite solar cell power conversion efficiency, via 

both experimental and theoretical studies. Wexler et al. [256], used density functional theory 

(DFT) and thermodynamic analyses to better understand how to manage the growth of 

defects and to ascertain doping strategies with potential to reduce the growth of detrimental 
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bulk defects and ultimately  advance the solar cell photovoltaic performance. For instance, it 

has been inferred from both theoretical studies [269] and experimental studies [270–272] that 

phases incorporating Ag are more well-arranged in the 1+ and Zn
2+

 sub-lattices (i.e., lower 

content of CuX + XCu defects) owing to the anisotropic enlargement of the unit cell induced 

by the substitution of Cu by Ag [270]. Advance photovoltaic performance can be anticipated 

via theoretical studies specifically for Ag2ZnSnSe4 than Cu2ZnSnS4, in coherence with 

experimental studies [273–280]. Theoretical studies have demonstrated that < 25% Na-

doping in CZTS represses the growth of CuZn + ZnCu defects [281] presenting alkali metals as 

another promising group of isovalent substitution for Cu [273–283]. Moreover to the Cu
+
 

site, a number of investigations ascertain isovalent doping on the Zn
2+

 site as a potential 

strategy to advance the photovoltaic performance of CZTS-based kesterite solar cells as well. 

Both theory [269] and experiment [284] have demonstrated Cd as one of the most helpful 2+ 

cation at diminishing 1+/2+ and 2+/4+ cation chaos among the considered 2+ cations which 

include the alkaline earth [281,285,286] and transition metals [269,284,287]. Lastly, several 

experimental studies have reported Ge as an outstanding candidate for substitution on the 4+ 

site, whereby the fractional mixture of Ge- and Se-alloying optimized the energy bandgap, 

leading to a remarkable boost in both the VOC and ISC and as a result the solar cell power 

conversion efficiency. Nevertheless, the impact of these dopants on the growth of defects has 

not yet been thoroughly unravelled for better understanding and consequently there is still 

much uncertainty with regard to potential routes for the optimization of material design. 

Table 2.2 gives likelihoods of bulk stability, energy bandgap, and the formation energies for 

the key defects to provide an insight of the mechanical effects that rule defect growth but also 

gives the practical approach for improving the photovoltaic performance of kesterite solar 

cell technologies in the previous six years [288]. Wexler et al. [256] sketched the route from 

CZTS to their suggested novel quinary chalcogenide, Cu2CdGeS3Se (CCdGSSe), to present a 
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clear depiction of the ion substitution schemes they adopted, see Figure 2.7. The first finding 

made was that the substitution of Mg and Si for Zn and Sn, respectively, widen the energy 

bandgap 𝐸g and also increases recombination 𝑥SRH for Mg-substitution, and thus leading to 

solar cell devices with poor photovoltaic performance (i.e., inefficient solar cells). The 

second finding made was that the 100% Ge-substitution (CZGS) reduces 𝑥SRH but widens the 

energy bandgap 𝐸g. Although fractional Ge-substitution (CZTGS) widens the energy 

bandgap 𝐸g to a lesser degree, this approach was found to not have the same potential as the 

fractional selenization (CZGSSe). Motivated by the recent research on Cu2CdSnS4 (CCdTS) 

[269,284], the third finding that was made is that the 100% Cd-substitution, alongside Ge-

substitution in tandem with fractional selenization attains the optimal energy bandgap 𝐸g and 

remarkably reduces 𝑥SRH, and therefore identifying CCdGSSe as a potential candidate for 

optimizing the photovoltaic performance of kesterite-based solar cells. 

 

2.2.2 DOPING MECHANISMS IN KESTERITE MATERIALS 

Several elements have been tested as potential candidates for doping and alloying inspired by 

the tunability, complexity and richness of the kesterite structure. The far most investigated 

elements for intrinsic doping is a variation of: Cu, Zn, & Sn, and for the extrinsic doping is a 

variation of alkaline elements which include: Li, Na, K, Rb and Cs, respectively. The 

potential dopants and alloying candidates are demonstrated in Figure 2.8. With regard to 

alloying, the substitution of cations is preferable done utilizing isoelectronic elements from 

the same column, for example, substitution of Cu by Ag, Zn by Cd, and Sn by Ge or Si, even 

though other unconventional doping alternatives such as Mg, Mn, and Fe have been reported. 
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Figure 2.8: Schematic representation of some sections of the Periodic Table, highlighting the 

most interesting candidates for doping and alloying in kesterite. Reproduced with permission 

from Ref.  [289]. 

 

i. Intrinsic Doping 

It has been well known since the early developmental stages of kesterite materials that an off-

stoichiometric elemental composition is required to attain kesterite solar cell devices with 

high power conversion efficiency [241,290]. The Cu-poor, stoichiometric Sn, and Zn-rich 

stoichiometry has produced kesterite devices with high photovoltaic performance 

[241,291,292], while poor performing devices haven been produced by Zn-poor [293,294] 

and/or Cu-rich [294] conditions. The classification of compositional-types kesterite materials 

was first introduced by Lafond et al. [295] which were later extended by Gurieva et al. [296] 

owing to the significance of kesterite power conversion efficiency, and its intrinsic 

relationship with structural defects and the formation of secondary phases as illustrated in 

Figure 2.9. There were 12 compositional-type kesterites classified, each classification 
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parallel to the different cationic balances (merging all possible poor and rich areas for each 

cation) and also comprising the formation of the most probable secondary phases and 

intrinsic point defects [296,297]. Kesterite material has a flexible structure; it is cable of self-

adapting from Cu-poor up to Cu-rich regime (composition) without major changes in the 

structure, this remarkable property was demonstrated by Valle Rios et al. [298]. 

Figure 2.9: (a) First off-stoichiometric types kesterite (A-, B-; and C-type) proposed by 

Lafond et al. Reproduced with permission from Ref. [295]. Copyright 2012, Wiley-VCH. (b) 

Complete classification of off-stoichiometric kesterite presented by Gurieva et al. 

Reproduced with permission from Ref. [296]. Copyright 2018, Wiley-VCH. 

The questions still remain: why Cu-poor and Zn-rich kesterites produce the highest power 

conversion efficiency devices and why the elemental composition follows the so called “A-

line” (equivalent to Cu-poor, Zn-rich, and Sn-stoichiometric elemental composition)? The 

pathways through which the kesterite can be formed must be taken into consideration to 

address this question. The formation of the highest performing kesterites can take place either 

through direct reaction of elements or equivalent alloys, through the binaries (Equation 2.4), 

or following more complex molecules (Equation 2.5). It is impossible to form a kesterite 
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through a direct reaction between a metal and a chalcogen, since one binary phase (ZnX, 

where X = S and Se) is more stable [299] than the quaternary phase, and thus the simpler 

chalcogen species are expected to form first. The synthesis of the kesterite then takes place 

through the following equations (with X = S or Se). 

Cu2X(s) + ZnX(s) + SnX(s) + 1/2X2 (g) 
𝑇,𝑝,𝑡
↔   Cu2ZnSnX4(s)                                                       (2.4) 

Cu2SnX3(s) + ZnX(s) 
𝑇,𝑝,𝑡
↔   Cu2ZnSnX4(s)                                                                                 (2.5) 

The most probable pathways for kesterite material synthesis depending on the pressure and 

temperature of the system are illustrated by the two equations above. ZnX is the first species 

formed in this system irrespective of the succeeding pathway (equation 2.4 or 2.5) owing to 

high stability of these compounds. Subsequent to the formation of binary and ternary 

compounds, ZnX is then integrated into the structure forming the kesterite material 

[300,301]. This process indicates that the kesterite phase is Zn-poor at the initial stages of the 

reaction, which subsequently forms the basis of the associated point defects. Widespread Zn-

rich conditions are essential to compensate for this detrimental effect to achieve a fully 

completed synthesis and to also reduce the risk of unfavourable remaining unreacted Cu-X, 

Sn-X, or Cu-Sn-X phases. This is the ultimate explanation for the requirement of Zn-rich 

conditions in the preparation (or synthesis) of high quality kesterite from an opto-electronic 

perspective, producing kesterite absorber films devoid of the detrimental secondary phases. 

The necessity of Cu-poor conditions is largely associated to the formation of intrinsic defects 

that control the doping level of the material [253]. The intrinsic doping in kesterite material is 

equally relevant to previously reported studies on other chalcogenides. Dimitrievska et al. 

[302] proved this clearly by performing a comprehensive experiment that demonstrated 

highest power conversion efficiency attained around the previously stated A compositional 

line as illustrated in Figure 2.10 (a) (amid the B- and L-lines). Based on the work reported by 
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Dimitrievska et al.; VCu, CuZn, and ZnCu [297,302] are the most likely point defects which are 

all classified as shallow defects [253] (i.e. ZnCu is a shallow donor and VCu and CuZn are 

shallow acceptors), which theoretically have a partial effect on recombination processes.  

Figure 2.10: (a) Combinatorial experiment showing the relationship of conversion efficiency 

with composition. (b) Secondary phases composition (at the surface) as a function of the 

kesterite composition. (a,b) Reproduced with permission from Ref. [302]. Copyright 2016, 

Elsevier. 

All of these theoretical estimates are founded on stoichiometric material, while high power 

conversion efficiency solar cell devices are constructed with Cu-poor based kesterite absorber 

material. This proposes that the shallow defect VCu (shallow acceptor) could play a greater 

role in intrinsic doping. Furthermore, a similar case is observed for CIGSSe [303] where the 

presence of VCu explained the intrinsic p-doping of the absorber material. However, no 

conclusive work has been reported for the intrinsic doping mechanism on kesterite materials 

so far.  
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ii. Extrinsic Doping 

Owing to the intricacy of kesterite structure, there is always an expectation for intrinsic 

detrimental defects caused by compositional and/or processing problems. Extrinsic doping 

can be employed to reduce these intrinsic detrimental defects; however, since there is little 

knowledge published considering these deep defects, this remains a challenging task. 

However, numerous advantages of extrinsic doping of kesterite solar cell material have been 

reported in literature and this work has been mentioned as a “hot topic” of kesterite material. 

There are three types of possible extrinsic doping which include: 

1. Nonconventional elements extrinsic doping: In [304], Bi [305,306], Sb [307–310], 

and Fe [311] 

2. Isoelectronic elements extrinsic doping from the same family as Cu, Zn, and Sn: this 

includes Ag [269], Cd [269,311], and more extensively Ge [300,312–318] 

3. Alkaline elements extrinsic doping: Li [274–276,319,320], Na [269,305,317,321–

329,307,330,308–310,313–316], K [319,320,326,328,331,332], Rb [319,320], and Cs 

[319,320]. 

There is no work that has been reported on the exploitation of “nonconventional elements” 

mostly because they have shown a restrained effect on CIGSSe also, and only a small number 

of examples have been reported on literature. For example, it has been observed that solar 

cells based on kesterite can take a comparatively high In content without impacting much of 

the properties [304,333]. The resilience of kesterite to comparatively high content of In was 

demonstrated by the work done by Giraldo et al. [304], and in this study, the degradation for 

high In content was related to the formation of Sn-In-O conductive phase. Moreover, it was 

also observed by Hartnauer et al. [333] that a high In content can be housed by the kesterite, 

subduing ZnSe presence which is a by-product of the CuInZn2Se4 phase formation. These 
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works reported a significant finding because there is a presence of In in the buffer layer 

(In2S3) [334–337] and the window layer (In2O3:SnO2, ITO), signifying that the possible 

interfusion will not negatively impact the properties of the kesterite absorber material. 

Studies have demonstrated interesting properties for Sb and Bi as potential crystallization 

flux agents, even though they also showed disadvantageous or no effect on the optoelectronic 

properties of the kesterite solar cell devices [305–309]. It was observed that there is a strong 

interaction between Sb with Na, and within the context of this co-doping, to significantly 

increase the grain size [310]. Ultimately, the doping of kesterite with Fe had disadvantageous 

effect [311], restricting the quasi-Fermi level splitting of the kesterite solar cell devices even 

when doping was done at very low content, and resultantly the VOC of the devices. This 

observation emphasizes the absolute importance of controlling Fe contamination in kesterite 

solar cell devices fabricated on steel substrates [326]. However, more closely related 

elements have been utilized to improve success with extrinsic doping. At large, extrinsic 

doping has yielded more irrefutable and effective results by utilizing elements from the same 

group as Cu, Zn, and Sn. In that regard, the substitution of Cu by Ag has been widely 

explored. A theoretical analysis of Ag doping in CZTS presented by Gautam et al. [269] 

proposed that a low level substitution result to a large disorder suppression on kesterite, 

however, this only occur under Cu-rich and confined Cu-poor conditions. A different 

observation was made by Cherns et al., reporting the opposite effect whereby a high level of 

disorder (significant amount of Cu and Ag species) was observed in crystals containing Ag 

[338]. Gautam et al. [269] also studied doping with Cd and found out that it could be a 

disadvantageous factor by stabilizing the narrower energy bandgap stannite structure, as a 

replacement for the kesterite counterpart. Further experimental work by other research groups 

will be vital to validate these conclusions. Moreover, a positive and advantageous effect of 

Cd dopant was observed by Collord et al. [311] through conducting a comprehensive 
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experimental study of Cd concentration (wide range concentrations from 0 – 10 000 ppm). 

Extrinsic doping utilizing isoelectronic elements (small Ge quantities) has recently been 

reported to yield significantly positive results. Giraldo et al. recently reported for the first 

time the advantageous outcome of utilizing Ge as a dopant in CZTSe [312], reporting 

advancements in power conversion efficiency (for small Ge quantities below 0.5%) chiefly 

ascribed to a significant increase of VOC and FF [315], see Figure 2.11 (a) and (b). The 

beneficial effects and advancements attained with Ge have been largely attributed to 

numerous advantageous effects on kesterite; a significant effect on the grain size has been 

observed, and significantly large grains are often attained [300,315,339]. Giraldo et al. 

proposed that this observation largely correlates to the formation of Ge-Se liquid phases at 

comparatively low temperature (380℃) and acting as crystallization flux [312]. Other 

advantageous outcomes of Ge dopants have been reported and include; Na interaction that 

explains its effect on the carrier’s concentration [313], the alteration of formation pathways 

with less Sn losses and less formation of secondary phases [300], eradication or reduction of 

deep defects [318], and the passivation of recombination attributed to harmful grain boundary 

[340]. Thus, doping with Ge resulted in significantly positive results which include the 

reduction of the VOC deficit of CZTSe solar cell devices to photovoltaic parameters 

analogous to the ones reported for CISe, see Table 2.3. In that regard, doping with Ge has 

demonstrated great potential for the advancement of kesterite solar cells device properties and 

photovoltaic device performance. 
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Figure 2.11: (a) Efficiency improvements of CZTSe solar cells with very small quantities of 

Ge. Reproduced with permission from Ref [312]. Copyright 2015, Wiley-VCH. (b) Effect of 

Ge doping on the different optoelectronic properties. Reproduced with permission from Ref. 

[315]. Copyright 2016, John Wiley and Sons. 

 

Alkaline elements have also been explored as doping pathways and they have demonstrated 

significant positive impact on kesterite solar cells. Some of the widely explored alkaline 

elements include Li [274–276,319,320], Na [269,305,317,321–329,307,330,308–310,313–

316], K [319,320,331,332], Rb [319,320] and Cs [319,320] and the effect of these dopants 

have been illuminated by recent studies. The large part of this body of work is derived from 

the CIGSSe family, where Na and K alkaline elements were the first dopants to be explored. 
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Generally, the grain size increase in kesterite was connected to Na [320,326,329] alongside 

alteration of the carrier’s concentration [313,325,330]. It is still unclear why Na doping has 

such a strong impact on carrier concentration since Na fills Cu position in principle, and it is 

also iso-electronic to Cu, and thus no substantial effect on the electric properties should be 

anticipated. However, there are two potential mechanisms that impact the carrier 

concentration that can be theorized. Since A-type kesterites is used for these investigations, 

this result in ZnCu shallow donor defect formation [297]. In principle Na occupies the Cu-

sites during doping, thus substituting Zn in the ZnCu defects, which result in the reduction in 

the concentration of shallow donor and subsequently improving the conductivity of the p-type 

semiconductor kesterite material. The second potential mechanism can be inferred to the 

analogous CIGSSe mechanism, since at substantially higher temperatures mandatory for the 

formation of kesterite absorber (< 500℃), Na diffuses very well in the chalcogenide material 

[341], filling up Cu-sites. There is a significant decrease in the solubility of Na leading to 

diffusion towards the grain boundaries during the cooling-down process and this process 

leaves a higher number of Cu vacancies. The two above mechanisms can take place 

concurrently; however, they both still need to be confirmed. Moreover, advance crystalline 

quality and grain size in kesterite absorbers with increased carrier’s concentrations 

[320,331,332] were distinctly demonstrated by K dopants, producing results parallel to those 

of Na. To date, there has never been any synergetic behaviour observed between K and Na on 

the kesterite absorber [331]. 
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Table 2.3: Compilation of some of the most relevant devices reported in the literature which 

includes extrinsic doping. The VOC deficit and VOC gain are included for comparison of the 

different strategies. N/A: Not Available.  

Material Doping element Eg [eV] VOC [mV] VOC deficit [mV] VOC gain [mV] Eff.[%] Ref. 

CZTSe Na 1.0 423 337 N/A 11.6 [342] 

CZTSe Na 1.07 425 401 17 9.6 [343] 

CZTSe Ge 1.04 453 345 45 10.1 [312] 

CZTSe Ge 1.05 463 344 46 10.0 [313] 

CZTSe Ge 1.05 473 334 72 10.6 [315] 

CZTSe Ge 1.04 463 335 37 11.8 [300] 

CZTSSe Li 1.04 449 349 22 11.8 [275] 

CZTSSe Li 1.11 496 368 N/A 11.5 [320] 

CZTSe K 1.03 350 438 58 5.6 [326] 

CZTSe Na+Ge 1.01 360 409 68 6.1   [326] 

CZTSSe Li 1.08 380 456 70 6.0 [344] 

CZTSSe Rb 1.08 360 476 50 6.4 [344] 

CZTSSe Na 1.12 378 496 68 6.2 [344] 

CZTSe Na 1.05 397 410 N/A 7.5 [328] 

CZTSe In 1.02 423 356 N/A 7.8 [304] 

CZTSe Na 1.0 N/A N/A 36 N/A [319] 

CZTSe K 1.0 N/A N/A 28 N/A [319] 

CZTSe Na+K 1.0 N/A N/A 53 8.3 [319] 

CZTSe Na 1.05 409 398 79 7.9 [345] 

CZTSe K 1.05 364 443 34 5.4 [345] 

CZTSe Na+K 1.05 421 386 91 8.3 [345] 

CZTS Na 1.50 628 607 47 6.3 [346] 

 

Furthermore, a significant effect on solar cell device properties based on kesterite absorber 

was demonstrated by Li dopant. A significant advance in the power conversion efficiency 

was observed through the addition of small amounts of Li to their molecular ink utilizing 

DMSO solvent by Collord et al. [311]. The advancements were largely in the J SC and FF, 
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with a balanced effect on the VOC. In this study, it was suggested by the authors that the 

inversion of the potential at the grain boundaries was attributed to the presence of Li dopant 

which then explained the improvement in power conversion efficiency; however, no impact 

was observed on the crystalline properties for Li dopant. Nevertheless, Yang et al. [274], 

reported that Li dopant helps facilitate the diffusion process of Na from soda lime glass 

substrate, while remaining efficiently integrated into the kesterite absorber material without 

the presence of Na. Outstanding results have been attained utilizing numerous doping 

elements; however, no agreement has been reached so far on which element within the family 

of alkaline elements represents the optimum option for the kesterite extrinsic doping from 

different studies by different authors suggesting their respective different pathways to alkalis 

doping as the best one [319,326,344,347]. 

 

2.2.3 OPTIMIZING THE ENERGY BANDGAP OF KESTERITE ABSORBER AND 

ENGINEERING ITS BANDGAP GRADING 

The energy bandgap of the kesterite absorber material is a crucial factor and has a large effect 

on the VOC deficit and the associated photovoltaic device performance. Hypothetically, the 

optimum energy bandgap of CZTSSe and CIGS required to attain the highest hypothetical 

power conversion efficiency is about 1.4 – 1.5 eV according to S – Q limit [255,348]. 

Nevertheless, the present practical optimal energy bandgap of CZTSSe solar cell devices is 

below (1.1 – 1.2 eV) [349,350]. It has been experimentally observed that CZTSSe solar cell 

devices with high concentration of S and wide energy bandgap near 1.5 eV result in poor 

photovoltaic performance than the narrow energy bandgap CZTSSe solar cell devices. The 

deterioration of the electronic properties of the kesterite absorber material should be taken 

into consideration when the energy bandgap is widened via the alteration of cation or anion 
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ratio. For instance, since the transition energy of GaCu is deeper than that of InCu, the 

photovoltaic device performance will decline significantly if Ga/(Ga+In) ratio is too high (i.e. 

Ga/(Ga+In) > 0.4) [351]. Similarly, CZTS has transition energy level point defects (as well as 

the major CuZn antisite defects) deeper than that of the narrow energy band CZTSe, which 

results in greater non-radiative recombination loss in the bulk and grain boundaries. The 

detrimental Conduction Band Offset (CBO) occurring at the CdS buffer layer/absorber 

interface is another impediment that constrains the practical optimal energy bandgap of the 

CZTSSe, particularly for the pure sulphide CZTS solar cell devices [352]. Nevertheless, the 

preparation of wider energy band gap kesterite absorber materials with outstanding electronic 

properties is a prospective approach to investigate more potential kesterite solar cell 

technology. Another promising approach regarding energy bandgap engineering, is 

fabricating a graded energy bandgap analogous to the “V” type energy bandgap of CIGS 

solar cell devices [349,353,354], which is considered as the best solution to equalise the 

compromise between VOC and JSC. 

 

i. Engineering Absorber Bandgap and Conduction Band Offset at Junction 

Interface 

For an ideal semiconductor absorber material (e.g. kesterite material), a spike-like 

Conduction Band Offset (CBO) (∆𝐸𝐶 = 𝐸𝐶 buffer − 𝐸𝐶 absorber > 0) is important in making 

sure that the space-charge-region (SCR) recombination barrier, Φb is virtually equivalent  to 

the energy bandgap 𝐸𝑔 of the semiconductor absorber material devoid of any band tailing. 

The open circuit voltage VOC of the solar cell device is strongly determined by Φb using the 

following equation; 
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                                    𝑉𝑂𝐶 =
𝛷𝑏

𝑞
−
𝐴𝑘𝑇

𝑞
ln (

𝐽00

𝐽L
)                                                        (2.6) 

where 𝑞 = unit charge, 𝐴 = ideal diode quality factor, 𝑘 = Boltzmann constant, 𝑇 =

 temperature, 𝐽00 = reverse saturation diode current prefactor and 𝐽L = light generated current 

density [355–357]. In the event of cliff-like CBO where ∆𝐸𝐶 < 0, Φb is largely smaller than 

the energy bandgap 𝐸𝑔, unavoidably resulting in intense interface recombination and 

significantly large VOC deficit. On the other side, excessively larger or wider CBO (∆𝐸𝐶) 

impedes the transportation of photo-generated electron current, and therefore results in the 

reduction of fill factor FF and the short-circuit current density (JSC). Gloeckler et al. worked 

on solar cell device simulations and reported that the best value for CBO is between 0.1 – 0.3 

eV for an ideal absorber material [358]. Thus the balance in conduction band edge between 

the CdS buffer layer and the kesterite absorber material plays a significant role in attaining 

solar cell devices with higher power conversion efficiency. For a CZTSSe kesterite absorber 

material, the optical energy bandgap 𝐸𝑔 is greater than the effective electronic energy 

bandgap determined by photoluminescence (PL) measurements due to critical band tailing, 

chiefly for the S-rich CZTSSe with wider energy bandgap [342]. Thus, the optical energy 

bandgap 𝐸𝑔 will inevitably be wider than the SCR recombination barrier Φb even though the 

interface recombination is not taking place. In this context, the Φb value should be almost 

equal to the electronic energy bandgap calculated from PL measurements. The pure selenide 

CZTSe and the pure sulphide CZTS kesterite absorbers have PL emission energies commonly 

in the range of 0.95 – 0.98 eV and 1.2 – 1.35 eV, respectively [342,359–361]. The 

recombination barrier Φb of CZTSe kesterite solar cell devices calculated from temperature-

dependent VOC measurements is around 0.90 – 0.97 eV [359], which is almost equal to the 

energy of the PL emission. Nevertheless, the PL emission energy of the pure sulphide CZTS 

is normally much greater than the Φb. It has been reported by Platzer-Bjorkman et al. [361] 
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that difference in energy gap between Φb and PL emission energy can be as wide as about 

300 meV. The detrimental “cliff-like” CBO at the CdS buffer layer/CZTS kesterite absorber 

interface is the reason for the wide difference between the Φb and the PL emission energy of 

the CZTS kesterite absorber. The theoretical calculated energy bandgap structure has 

demonstrated that the CBO of CdS/CZTS is negative (−0.09 eV) while the CBO of 

CdS/CZTSe counterpart is positive (+0.26 eV) for the regular employed CdS buffer layer 

[362]. Several experimental results have confirmed analogous conclusion [363–365]. This 

challenge can be overcome by finding a substitute buffer layer with conduction band edge 

parallel to that of the wider energy bandgap CZTSSe with high concentration of sulfur. The 

substitute buffer layer materials with wider energy bandgap and higher conduction band edge 

such as In2S3, Zn(O,S), (Zn,Sn)O, (Zn,Cd)S [366–371] are widely investigated. Significant 

developments of VOC have been attained by using (Zn,Sn)O and (Zn,Cd)S buffer layer 

employing atomic layer deposition (ALD) followed by ionic layer adsorption and reaction 

(SILAR) techniques, respectively [366,367].  Nevertheless, more comprehensive research 

into interface junction is needed because the VOC deficit of CZTS solar cells is too wide. On 

the other side, the CdS deposited by chemical bath method is still an appealing and 

predominant buffer layer employed and it produce solar cell devices with advanced 

photovoltaic performance owing to its smooth and compact coverage with insignificant 

discrepancy with kesterite absorber layer, although CdS has detrimental attributes of parasitic 

absorption of blue light and hazardous chemical constituents [288,349]. In this present 

context, optimizing the energy bandgap of the kesterite absorber layer for better band 

alignment with CdS buffer layer is an effective strategy to minimize the VOC deficit caused 

by interface discrepancy. The ideal energy bandgap of the CZTSSe kesterite absorber must be 

in the range of 1.3 – 1.4 eV in order to attain a slightly positive value for CBO with the CdS 

buffer layer. The energy bandgap in the range of 1.3 – 1.4 eV can be attained through many 
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strategies since the energy bandgap of the CZTSSe kesterite absorber can be modulated by a 

continuous substitution of the cation and anion ratio. Nevertheless, the biggest challenge is in 

attaining a kesterite absorber material with an ideal energy bandgap without any detrimental 

effects on the electronic properties. One of the strategies to optimize the energy bandgap is by 

tuning the S/(S+Se) ratio in CZTSSe absorber material. A great deal of research input has 

been devoted to validate this concept [372–376]. Nevertheless, to date, the optimum 

performing kesterite solar cell device assume narrow energy bandgap (1.0 – 1.15 eV) or 

wider energy bandgap almost close to 1.5 eV [288,349,377]. Unparalleled result of optimum 

performing CZTSSe kesterite solar cell device with an average energy bandgap in the range 

1.2 – 1.4 eV is published. The main issue confronted by this strategy is high level synthesis 

energy of CZTSSe kesterite materials with an average ratio of S/(S+Se), i.e., the solid 

solubility is low when the S and Se concentration is close [352,362,378]. Thus, the 

segregation phases of high-sulfur content and low-sulfur content are frequently observed in 

CZTSSe absorber film with an average S/(S+Se) ratio, therefore resulting in rigorous energy 

bandgap fluctuation and large VOC deficit [249,379]. Another potential strategy for energy 

bandgap optimization of kesterite absorber materials is the cation substitution. Chen et al. 

investigated and reported the impact of cation types on the band edge [285,378,380,381]. It 

has been demonstrated by first-principle calculations that the conduction band minimum of 

CZTS(Se) is interconnected to the anti-bonding Sn s and anion p hybrid orbital whereas the 

hybridization of Cu d and anion p orbitals chiefly control the valence band maximum. Thus, 

Sn(IV) substitution by Ge(IV), and Cu(I) substitution by Ag(I) will optimize the conduction 

band edge and the valence band edge, respectively. Table 2.4 gives a list of some of the Ge-

doped kesterite absorber CZTSSe-based thin film. 
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Table 2.4: Energy bandgap (𝐸𝑔) of CZTGeS and CZTGeSe absorber layers with different 

Ge/(Ge+Sn) ratio. 

Material Method Ge/(Ge+Sn) [%] 𝑬𝒈 [eV] Ref. 

CZTGeS Chemical vapour transport 10 – 50 1.59 – 1.94 [382] 

CZTGeS Spray-based deposition 0 – 100 1.51 – 1.91 [383] 

CZTGSe Hydrazine processed 0 – 40 1.08 – 1.15 [384] 

CZTGSe Solid solution powders 0 – 100  0.99 – 1.35 [385] 

CZTGSe Spray-based deposition 0 – 100 1.07 – 1.44 [383] 

CZTGSe Co-evaporating 0 – 100 1.0 – 1.4 [386] 

CZTGSe Electrodeposition 40 1.15 [387] 

 

 

2.2.4 Ge-ALLOYING IN KESTERITE MATERIALS 

The substitution of Sn by Ge is one of the latest important substitution pathways worth 

mentioning. Although elemental Ge is counted a CRM, its utilization by partial substitution 

has potential sustainability. For instance, in the event of Sn substitution by 20% Ge, it is 

estimated that about less than 1 Ton of Ge is needed to yield 1 GW for a 15% efficient solar 

panel. This is equivalent to less than 1% of the total global production of Ge. However, the 

minimum use of Ge in the kesterite solar cell technology will be interesting. Ge has showed 

significant improvements on kesterite absorbers since from the early stages as in the incident 

of Ge-doping [300], Ge-alloying (Cu2ZnGeS4, CZGS; Cu2ZnGeSe4, CZGSe). The 

optimization of kesterite absorbers containing Ge for the sulfur-selenide material was first 

published by Hages et al. [339], attaining an outstanding power conversion efficiency of 

9.4% for Sn substitution with 30% Ge, indicating 1% boost in comparison to pure kesterite 
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(no Ge content), interconnected to a direct upgrading of the VOC. A significant improvement 

in the minority carrier lifetime was also pronounced, authenticating Ge as one of the 

candidates with great potential to improve the power conversion efficiency in solar cells 

based on kesterite absorber materials. These initial studies paved a way for gradual 

developments, and a kesterite solar cell device attaining over 10% power conversion 

efficiency was reported by Kim et al. [386] with higher content of Ge (39%), by adjusting the 

annealing profile accordingly. A synthesis of a graded kesterite sample with blending of Ge 

and Sn, including almost all possible Ge/(Sn+Ge) stoichiometric ratios was later on published 

by Collord and Hillhouse [388], attaining about 11% power conversion efficiency solar cell 

device with a well-adjusted 25% of Ge content and a significant VOC-deficit decrease. A 

significant drop in power conversion efficiency results from further increase in Ge content 

attributed to both detrimental band alignment between the Ge-based kesterite and CdS buffer 

layer, and the deep defect formation situated at about 0.8 eV beyond the valence band 

shifting near mid-gap as the energy bandgap widens in direct proportion to the content of Ge. 

Last of all, Kim et al. [389], reported a 12.3% improvement in power conversion efficiency 

with a significant improvement of VOC deficit attained by further optimization of Ge depth 

composition. This development in power conversion efficiency and VOC deficit was 

correlated to band tailing reduction through the regulation of the Ge/(Sn + Ge) ratio. 

Moreover, an outstanding FF (73%) was reported, proposing a significant decrease in carrier 

recombination at the absorber/CdS buffer interface and/or in the space charge area. The 

authors also reported an enhancement on carrier lifetime, largely proposing a higher quality 

kesterite absorber. The fast developments in power conversion efficiency attained for Ge-

alloyed kesterite absorber places it as one of the pathways with great potential to advance the 

kesterite power conversion efficiency. Recently, Gunder et al. [390] experimental results 

showed that CZGSe assumes a kesterite crystal structure, and the widespread Cu-rich 
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compound yields detrimental CuGe defect but it is not preeminent in the general Cu-poor 

devices published in literature. The fast developments of Ge-alloying recently reported that a 

pure CZGSe-based kesterite solar cell produced 7.6% power conversion efficiency with the 

associated VOC of 558 mV, attained via CdS buffer layer optimization [391]. Nevertheless, it 

has been observed that the interface recombination attributable to poor band alignment 

between the kesterite absorber and the CdS buffer layer largely restrains the VOC, providing 

understanding for future developments utilizing unconventional buffer layers. Lastly, 

Marquez et al. [317], with the help of joint in situ energy-dispersive X-ray diffraction 

(EDXRD) synchrotron and high-resolution scanning electron microscopy/energy dispersive 

X-ray spectroscopy (SEM/EDX) characterization techniques demonstrated that elemental Ge 

is likely to accrue near the back contact in Sn-Ge alloys, analogous to Ga in CIGSSe, 

proposing a chance for back contact interface optimization studies. 

Table 2.5: Compilation of some of the most relevant devices reported in the literature which 

includes alloying with Ge, Cd, and Ag. 

Material Alloying element Eg[eV] VOC[mV] VOC deficit[mV] Eff.[%] Ref. 

CZTGSe Ge/(Ge+Sn) = 22% 1.11 527 337 12.3 [389] 

CZTGSSe Ge/(Ge+Sn) = 25% 1.2 583 367 11.0 [388] 

CZCTS Cd/(Cd+Zn) = 40% 1.38 650 470 11.5 [392] 

CZCTS Cd/(Cd+Zn) = 40% 1.36 581 421 9.2 [393] 

ACZTSSe Ag/(Ag+Cu) = 3% 1.07 448 378 10.4 [394] 

ACZTSe Ag/(Ag+Cu) = 10% 1.0 423 337 10.2 [395] 

ACZCTS Ag/(Ag+Cu) = 5% Cd/(Cd+Zn) = 25% 1.4 650 490 10.8 [396] 

 

Table 2.5 outlines a summary of the most important experimental results achieved until now 

by employing the three different alloying pathways, emphasizing the prospects to further 
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improve these promising alloying pathways in quest to advance the power conversion 

efficiency of solar cells based on kesterite absorber material. Alternative elements such as Mn 

[397,398], Mg [399], and Fe [400] have also been tested for alloying in kesterite absorber and 

they attained a power conversion efficiency still at a 7 – 8 level utilizing low Mn and Mg 

content (below 5%), or 2 – 3% power conversion efficiency attained through 100% complete 

substitution of Zn by Fe. Currently, these alloying substitutions still have not outperformed 

the previously reported ones. Kesterite absorber still suffers from significant VOC deficit 

despite the impressive developments made in intrinsic and extrinsic doping as well as 

alloying approaches.  

 

2.2.5 PHYSICAL ROUTES FOR THE SYNTHESIS OF KESTERITES 

Owing to the parallels between kesterite and chalcopyrite compounds, the standard solar cell 

device archetype implemented for Cu(In,Ga)(S,Se)2(CIGSSe) was directly expanded to 

CZTSSe and this was achieved by a simple replacement of the CIGSSe absorber layer with a 

p-type CZTSSe kesterite thin film. Generally, a soda lime glass (SLG) substrate covered with 

a sputtered Mo layer functioning as a metallic back contact is utilized to fabricate the 

CZTSSe solar cells. The sputtered thickness of Mo layer on SLG is usually around 500 nm - 

1µm [401]. The Mo layer then becomes the scaffold on which the kesterite absorber is 

deposited. The synthesis of the kesterite absorber material involves the deposition of a 

precursor layer through a physical or a chemical method, which is then followed by high 

temperature reactive annealing in a S (sulfurization) or Se (selenization) atmosphere. After a 

reactive annealing process, a thin Mo(S,Se)2 layer forms at the CZTSSe/Mo interface as a 

result of partial selenization or sulfurization taking place at the rear Mo contact. Even in the 

CIG(S,Se) solar cell technology, this Mo(S,Se)2 layer partially forms at the CIG(S,Se)/Mo 
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interface, and it has been reported that this p-doped layer aids in advancing the ohmic 

character of the rear Mo contact [401,402]. Subsequent to the deposition of the kesterite 

absorber, surface passivation of the absorber is performed by chemical bath treatment method 

to eliminate the detrimental secondary phases and/or to prepare the absorber for the 

succeeding construction of PN junction.  

Generally, cadmium sulphide (CdS) is utilized as the n-type buffer layer of the PN junction. 

Chemical bath deposition technique is commonly employed to deposit the n-type buffer layer 

with usually 50 – 100 nm thickness order. The intrinsic ZnO (50 – 100 nm thick) and a 

transparent conducting oxide (TCO) layer (200 – 400 nm thick indium tin oxide or 

aluminium zinc oxide) form the window layer which is deposited by sputtering technique. 

Lastly, a front contact of the solar cell which consists of a metallic Al, Ni or Ni/Al grid is 

deposited. Finally, the entire configuration (structure) of the solar cell device is as follows; 

Al-Ni/TCO/ZnO/CdS/CdS/CZT(S,Se)/Mo(S,Se)2/Mo/SLG. MgF2, an anti-reflective (AR) 

covering is occasionally deposited on top of the solar cell device. A graphical representation 

of the evolution of the power conversion efficiency over the layers is summarized for each 

physical route using two graphs; one for solar cells based on CZTS (see Figure 2.12(a)) and 

the other for solar cells based on CZTSe (see Figure 2.12(b)). Remarkably, all the physical 

route techniques have made striking improvements over the last years despite the fact that 

chemical routes have attained record power conversion efficiency for kieserite solar cells 

which remained constant since 2012 [288]. 
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Figure 2.12: Evolution of the maximum efficiency 𝜂𝑚𝑎𝑥[%] for (a) CZTS-based and (b) 

CZT(S,Se)-based cells over the period of 2016 – 2019. In figure legend WR stand for world 

record and EA stands for effective area. Reproduced with permission from Ref. [403]. 
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CHAPTER 3 

 

Experimental Details 

3.1 INTRODUCTION 

In this study, two distinct types of photovoltaic materials were explored, namely; NiCuZn 

hybrid perovskite thin film materials and the inorganic Ge kesterite absorber material: 

CZGSe. This chapter discusses the experimental details which include; reagents, solution 

processing’s, indium tin oxide (ITO) glass & soda lime glass (SLG) substrate cleaning, thin 

film deposition technique that was followed to produce hybrid perovskite thin films and the 

sputtering deposition technique that was followed to prepare the kesterite absorber films. 

Characterization techniques/instruments that were employed to interrogate the structural, 

optical, microscopic properties and the photovoltaic parameters of hybrid perovskite thin 

films and kesterite absorber film materials under investigation are also discussed.  

Owing to the continuous development towards the commercialization of perovskite solar 

cells, the quest for lead-free hybrid perovskite materials has become a cutting edge research 

topic due to the eco-toxicity posed by elemental Pb in Pb-containing perovskite solar cells 

generating serious concern towards environmental pollution [1–4]. These environmental 

concerns inspired the course of this study; doping of the traditional CH3NH3PbI3 with 

transition metals; Ni, Cu & Zn, as a strategy to address this challenge. It has already been 

mentioned in chapter 2 (literature review) that one of the major shortcomings of hybrid 

perovskite materials has been the display of instability against moisture, ultra-violet radiation, 
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oxygen, heat and electrical biases [5–14]. In 2020 – 2021, the main focus of research 

undertakings on hybrid perovskite layers has been directed towards stabilizing the 

formamidinium lead iodie (FAPbI3) perovskite phase with wide-range absorption and 

improved carrier lifetime to advance the short-circuit current density (JSC) and open-circuit 

voltage (VOC) of hybrid perovskite solar cells [15,16]. Hybrid perovskites are ionic materials 

and have a tolerable amount of non-coordinated ions, mainly the I
-
 anions which are able to 

simply drift into the perovskite grains [17] and out of the perovskite layer and oxidize the 

metal electrode, subsequently leading to the formation of defects in the perovskite layer and 

thus speeding up the disintegration of the hybrid perovskite film layer [18]. The formation of 

these defects easily occur at the surface and grain boundaries of hybrid perovskite thin film 

and they act as non-radiative recombination cores, decreasing the charge carrier lifetime and 

consequently diminishing the power conversion efficiency of hybrid perovskite solar cell 

devices [19]. The defect-formed areas and grain boundaries are vulnerable to eroding 

moisture (humidity) or oxygen which furthers the decomposition of hybrid perovskite thin 

film [20,21]. Therefore, these challenges call for the development of low to non-toxic hybrid 

perovskite thin film materials with outstanding optoelectronic properties, full surface 

coverage, large grain size and less grain boundaries (for lower bulk defect density and less 

carrier recombination) to produce stable hybrid perovskite solar cells with high power 

conversion efficiency. In this study, terephthalic acid (TPA) was used as an additive to 

produce air stable thin films since hybrid perovskite materials have been reported to 

deteriorate (degrade/decompose) under ambient conditions (i.e. upon exposure to air 

(oxygen) and humidity/moisture) [22]. The addition of terephthalic acid additive was inspired 

the by the work reported by X. Hou et al. for the construction of efficient and stable 

perovskites via interconnecting perovskite grains [22]. A solution deposition technique was 

followed to produce all thin films under investigation which include CH3NH3PbI3 (pristine 
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hybrid perovskite thin film for comparison purposes) and the novel NiCuZn transition metal 

doped hybrid perovskite thin films; CH3NH3PbI3•Ni, CH3NH3PbI3•Cu, CH3NH3PbI3•Zn 

(doped from 1 to 10% with Ni/Cu/Zn), respectively. There are two types of solution 

deposition techniques that exist, namely: one step solution deposition technique and two step 

solution deposition technique. In this study, a two-step solution deposition technique 

proposed by Burschka et al. [23] and later modified by Xiao et al. [24] was followed to 

produce all the hybrid perovskite thin films under investigation. In Xiao et al. [24] modified 

two step solution deposition technique; a layer of PbI2 was first deposited on the glass 

substrate by spin coating, which was then followed by an annealing treatment. Instead of 

immersing the PbI2 thin film into a CH3NH3I solvent, CH3NH3I was deposited by spin 

coating also followed by an annealing treatment and this yielded a good quality hybrid 

perovskite thin film  

For Ge kesterite absorber materials; CZGSe, a sputtering deposition technique was followed 

to produce absorber materials under investigation; CZGSe. It has already been mentioned in 

literature review (see chapter 2) that the low open circuit voltage (VOC) is the common 

constraint restricting the performance in kesterite-based solar cells chiefly when compared to 

the highest possible VOC value ruled by the Shockley-Queisser radiative limit (VOC,SQ) [25], 

and this challenge inspired the course of this study; development of Ge kesterite solar cells. A 

two-step process was employed to produce CZGSe absorber materials under investigation. 

Two-step processes are extensively employed for the development of kesterite absorber 

materials. The first part of the process involves a deposition of a precursor film incorporating 

all (or part of) the chemical elements that constitute the kesterite phase formation. The second 

part of the process involves the reactive thermal annealing treatment under S (sulfurization) 

or Se (selenization) enclosing atmosphere, essential to transform the precursor into a kesterite 

absorber and to advance the grain growth. There are two types of two-step processes that 
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exist for the synthesis of kesterite absorbers, namely: sequential evaporation/co-evaporation 

and sequential sputtering/co-sputtering. In this study, a sequential sputtering/co-sputtering 

two-step process was followed. The developments achieved in these methods demonstrated 

that the utilization of metallic stacks yield improved power conversion efficiencies at least for 

selenide compounds, with University of Oldenburg (EHF/LCP group) reporting 11.4% [26], 

IREC 11.8% [27] and DGIST a 12.6% power conversion efficiency solar cell device [28].  

 

3.2 REAGENTS 

Lead (II) iodide (99, 99% trace metals), Dimethyl formamide (DMF) (99,8%), Terephthalic 

Acid (98%), Methylammonium Iodide (0.42 M in 2-propanol), Nickel (II) Iodide (99.99% 

trace metal basis), Copper (I) Iodide (99.99% trace metal basis), Zinc (II) Iodide (98%), 

Indium Tin doped Oxide (ITO) glass substrates (14Ω/square, 1.1 mm thick). All reagents 

were obtained from Sigma Aldrich and were used without further purification. ITO glass 

substrates were obtained from Ossilla. 

 

3.3 PROCEDURE FOR HYBRID PEROVSKITE THIN FILMS 

3.3.1 Preparation of pure CH3NH3PbI3 thin films 

Solution Processing: Firstly, a standard solution of terephthalic acid (8 mg/L) was prepared 

by dissolving terephthalic acid powder (80 mg) in dimethylformamide solvent (10 mL) and 

the reaction mixture was stirred for 30 minutes at room temperature to attain a homogeneous 

solution. Secondly, PbI2 (461 mg) was dissolved in 1mL of terephthalic acid (8 mg/L) 

solution prepared above. The reaction mixture was then stirred overnight at 70℃ to attain a 

homogeneous yellow-to-orange solution. 
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ITO glass substrates cleaning: Firstly, the ITO glass substrates (1 cm × 1 cm) were washed 

with soap for 5 minutes using a sponge and rinsed with distilled water. Secondly, the glass 

substrates were sonicated for 30 minutes in a solution mixture of acetone and isopropanol in 

volume ratio of 1:1. Lastly, the substrates were dried by blow-drying with Nitrogen gas and 

stored in a vacuum desiccator, ready for use. 

Two-step solution deposition of CH3NH3PbI3 thin films: Firstly, 60 µL of PbI2 solution 

prepared in (I) was deposited (evenly spread) on a clean ITO glass substrate by a 

micropipette and spin coated at 3000 rpm for 30 s. A yellow-to-orange homogeneous layer 

was observed. The PbI2 layer was then annealed at 100℃ for 1 hour. Secondly, a 60 µL of 

methylammonium solution (MAI/2 propanol) was evenly spread on the annealed PbI2 layer 

above. A colour change from yellow-orange to dark brown observed indicating the formation 

of CH3NH3PbI3 nanoparticles. The thin film was then spun at 3000 rpm for 30 s and dried at 

70℃ for 20 min. The CH3NH3PbI3 thin film was now ready for characterization. 

 

3.3.2 Preparation of Ni doped CH3NH3PbI3•Ni thin films 

Solution Processing: A similar procedure followed above for the preparation of CH3NH3PbI3 

thin films was also followed for the preparation of Ni doped perovskite CH3NH3PbI3•Ni thin 

films. Transition metal Ni was introduced into the CH3NH3PbI3 crystal structure by mixing 

4.7, 23.5 and 47.1 mg of NiI2 reagent (for 1%, 5% and 10% Ni content, respectively) together 

with PbI2 (461 mg in 8 mg/L terephthalic acid solution) and the reaction mixture was stirred 

overnight at 70℃. A homogeneous orange-to-yellow solution was also observed for all the 

reaction mixtures. 
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Two-step solution deposition of CH3NH3PbI3•Ni thin films: Firstly, 60 µL of PbI2 + NiI2 

homogenous solution prepared above was deposited (evenly spread) on a clean ITO glass 

substrate by a micropipette and spin coated at 3000 rpm for 30 s. A yellow-to-orange 

homogeneous layer was observed. The PbI2 + NiI2 layer was then annealed at 100℃ for 1 

hour. Secondly, a 60 µL of methylammonium solution (MAI/2 propanol) was evenly spread 

on the annealed PbI2 + NiI2 layer above. A colour change from yellow-orange to dark brown 

was observed indicating the formation of CH3NH3PbI3•Ni nanoparticles. The thin film was 

then spun at 3000 rpm for 30 s and dried at 70℃ for 20 min. The CH3NH3PbI3•Ni thin films 

were now ready for characterization. 

 

3.3.3 Preparation of Cu doped CH3NH3PbI3•Cu thin films 

Solution Processing: A similar procedure followed above for the preparation of CH3NH3PbI3 

thin films was also followed for the preparation of Cu doped perovskite CH3NH3PbI3•Cu thin 

films. Transition metal Cu was introduced into the CH3NH3PbI3 crystal structure by mixing 

4.7, 23.5 and 47.1 mg of CuI reagent (for 1%, 5% and 10% Cu content, respectively) together 

with PbI2 (461 mg in 8 mg/L terephthalic acid solution) and the reaction mixture was stirred 

overnight at 70℃. A homogeneous orange-to-yellow solution was also observed for all the 

reaction mixtures. 

Two-step solution deposition of CH3NH3PbI3•Cu thin films: Firstly, 60 µL of PbI2 + CuI 

homogenous solution prepared above was deposited (evenly spread) on a clean ITO glass 

substrate by a micropipette and spin coated at 3000 rpm for 30 s. A yellow-to-orange 

homogeneous layer was observed. The PbI2 + CuI layer was then annealed at 100℃ for 1 

hour. Secondly, a 60 µL of methylammonium solution (MAI/2 propanol) was evenly spread 

on the annealed PbI2 + CuI layer above. A colour change from yellow-orange to dark brown 
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was observed indicating the formation of CH3NH3PbI3•Cu nanoparticles. The thin films were 

then spun at 3000 rpm for 30 s and dried at 70℃ for 20 min. The CH3NH3PbI3•Cu thin films 

were now ready for characterization. 

 

3.3.4 Preparation of Zn doped CH3NH3PbI3•Zn thin films 

Solution Processing: A similar procedure followed above for the preparation of CH3NH3PbI3 

thin films was also followed for the preparation of Zn doped perovskite CH3NH3PbI3•Zn thin 

films. Transition metal Zn was introduced into the CH3NH3PbI3 crystal structure by mixing 

4.7, 23.5 and 47.1 mg of ZnI2 reagent (for 1%, 5% and 10% ZnI2 content, respectively) 

together with PbI2 (461 mg in 8 mg/L terephthalic acid solution) and the reaction mixture was 

stirred overnight at 70℃. A homogeneous orange-to-yellow solution was also observed for 

all the reaction mixtures. 

Two-step solution deposition of CH3NH3PbI3•Zn thin films: Firstly, 60 µL of PbI2 + ZnI2 

homogenous solution prepared above was deposited (evenly spread) on a clean ITO glass 

substrate by a micropipette and spin coated at 3000 rpm for 30 s. A yellow-to-orange 

homogeneous layer was observed. The PbI2 + ZnI2 layer was then annealed at 100℃ for 1 

hour. Secondly, a 60 µL of methylammonium solution (MAI/2 propanol) was evenly spread 

on the annealed PbI2 + ZnI2 layer above. A colour change from yellow-orange to dark brown 

was observed indicating the formation of CH3NH3PbI3•Zn nanoparticles. The thin films were 

then spun at 3000 rpm for 30 s and dried at 70℃ for 20 min. The CH3NH3PbI3•Zn thin films 

were now ready for characterization. 
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3.3.5 Hybrid perovskite thin films characterization/analyses 

Structural Validation and Structural Defects: The X-ray diffraction (XRD) patterns for all the 

perovskite thin films under investigation were recorded by utilising a Bruker D8-Discover 

advanced diffractometer using CuKα source operate at accelerating voltage and electrical 

current of 40 kV and 40 mA, respectively. The measurements were taken at a stepwise of 

0.01º and acquisition time of 40 min from 10º to 65º for 2θ.  

Surface Analysis/Chemical Composition Studies: The elemental composition, chemical state 

and electronic state of elements that exists in perovskite thin film materials under 

investigation were measured using PHI 5000 Versa Probe II Scanning XPS Microprobe. The 

XPS surveys were done with 100 µm, 25 W, and 15 kV x-rays monochromatic beam (source: 

aluminium Kα line of 1486.6 eV energy) positioned perpendicular to the axis of the analyser. 

The x-ray source was calibrated using the 3d5/2 Ag line with 0.8 eV full width at half 

maximum (FWHM). The area analysed was a circle with a diameter of 0.8 mm. The survey 

spectra were measured using a resolution of 187.5 eV pass energy (selected resolution) at a 

stepwise of 0.8 eV.  The spectra of different elements were carried out with pass energy of 

23.5 eV at a stepwise of 0.1 eV. The depth profiling measurements were collected with 2 kV, 

2 µA, and 1 × 1 mm raster – Ar ion gun, with sputter rate of about 170 Å/m. All the above 

mentioned measurements were carried out in an ultra-high vacuum (UHV) chamber pressure 

at about 5 × 10−9 torr.  

Photo-physics Studies: Absorption measurements of all the perovskite thin film samples were 

collected using a Perkin Elmer Lamb 950 UV-vis spectrometer. Photoluminescence (PL) 

excitation and emission measurements of all the perovskite thin films under investigation 

were conducted at room temperature employing Jobin-Yvon Horiba Fluorolog 3 equipped 

with He-Cd laser system with an excitation wavelength of 325 nm.  
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Microscopic Studies: High Resolution (HR-SEM) top view images of all the perovskite thin 

films under investigation were collected using Hitachi X-650 SEM technique at an 

accelerating voltage of 25 keV, tilt angle of 0º, aperture of 0.4 mm, resolution of 3, working 

distance of 10 mm at different magnifications (e.g. 100, 200 nm to 1µm). The surface 

topography measurements of all perovskite thin films under investigation were collected 

using a Veeco NanoMan V model (Cambridge, USA) at a resonance frequency of 60 – 100 

kHz, spring constant of 1 – 5 M.m
-1

. A silicon tip was used and the measurements were 

collected at a room temperature.  

 

3.4  PROCEDURE FOR DEVELOPMENT OF Ge-KESTERITE SOLAR CELLS 

The development of CZGSe-based kesterite solar cells explored in this study involves a series 

of optimization experiments with the goal of attaining high quality Ge kesterite absorber 

material that yield solar cell devices with optimum photovoltaic performance. The 

experiments involved (in sequence) (i) stack order and reactive annealing pressure variations, 

(ii) reactive annealing temperature variations at a constant pressure, (iii) chemical bath 

etching (CBE) studies with different solutions and lastly (iv) CdS buffer layer optimization 

studies.  

 

3.4.1 Stack Order and Reactive Annealing Pressure Variations 

B.H. Lee et al. recently published a study focusing on the effect of Ge nanolayer stacking 

order on the photovoltaic performance of CZTSSe thin film solar cells and the experimental 

results indicated that the ideal Ge nanolayer content and the respective ideal position (stack 

order) has the capability to advance the optoelectronic properties of kesterite CZTSSe 
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absorber layer which will resultantly attain high power conversion efficiency in kesterite 

based solar cells [29].The aim of these experiments was to determine the optimal metal stack 

order (sequence of metals and germanium deposition) and the optimal reactive annealing 

profile (optimal pressure) for the synthesis of pure germanium kesterite in the regime 

Cu1.8Zn1.2GeSe4 at a constant reactive annealing temperature of 480 ºC. Three precursors with 

different stack orders were prepared; 

               Stack Order A: Mo(≈ 700nm)  /Cu(4nm) /Zn(168nm) /Cu(206nm) /Ge(194nm) 

               Stack Order B: Mo(≈ 700nm)  /Zn(162nm) /Cu(199nm) /Ge(196nm) 

               Stack Order C: Mo(≈ 700nm)  /Cu(200nm) /Zn(166nm) /Ge(197nm) 

The precursors were subjected to one step annealing profile with Se (100 mg, Alfa-Aesar 

powder, 99.999%) and GeSe2 (50 mg, Alfa-Aesar powder, 99.999%) at a heating rate of 20 

ºC/min, dwelling time of 15 minutes and annealing temperature of 480 ºC. The reactive 

annealing process was carried out at two different pressures; 700 mbar and 1bar pressure. The 

selenized absorbers; CZGSe, were then subjected to wet-chemical etching/passivation stage 

in NH4S (22% v/v, Alfar-Aesar, for 2 min) [30] to remove the ZnSe secondary phases. 

 

 

3.4.2 Annealing Temperature Variation Studies 

The aim of these experiments was to determine the optimal reactive annealing temperature to 

improve the quality of the CZGSe absorber. The precursor with stack order; Mo(≈ 700nm) 

/Cu(4nm) /Zn(168nm) /Cu(206nm) /Ge(219nm), was prepared by sequential deposition. For 

the sake of fair comparisons, the precursor was divided into four pieces (same composition) 

and subjected to one step reactive annealing process with Se (100 mg, Alfa-Aesar powder, 

99.999%) and GeSe2 (50 mg, Alfa-Aesar powder, 99.999%) at a heating rate of 20 ºC/min, 
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dwelling time of 15 minutes at various annealing temperatures; 500, 525, 535 and 550 ºC. All 

the reactive annealing processes were performed at a constant pressure of 1bar. The selenized 

absorbers; CZGSe, were then subjected to wet-chemical etching/passivation stage in NH4S 

(22% v/v, Alfa-Aesar, for 2 min) [30] to remove the ZnSe secondary phases.  

 

3.4.3 Chemical Bath Etching (CBE) studies with different solutions 

The aim of these experiments was to explore different solutions prepared under different 

conditions as an attempt to completely remove the ZnSe secondary from the surface of the 

absorber.  The same precursor stack order; Mo(≈ 700nm) /Cu(4nm) /Zn(168nm) 

/Cu(206nm) /Ge(220nm), was prepared during the absorber synthesis and it was subjected to 

the same annealing treatment following one step annealing profile, at pressure: 1000 mbar, 

for 15 minutes, at 535 ºC using Se(100 mg, Alfa-Aesar powder, 99.999%) and GeSe2 (50 mg, 

Alfa-Aesar powder, 99.999%). The selenized absorbers; CZGSe, were then subjected to wet-

chemical etching/passivation stage in the following etching solutions as an attempt to 

completely remove the ZnSe secondary phases: 

Cell A: KCN (0.01 M for 40s) + NH4S (22% v/v, Alfa-Aesar, for 2 min) [31]   

Cell B: NH4S (22% v/v, Alfa-Aesar, for 2 min) [30] 

Cell C: HCl (5% at 80℃ for 40s) [32] 

Cell D: [KMnO4 (0.01 M) + H2SO4 (1M)] for 40 s + NH4S (22% v/v, Alfa-Aesar, for 2 min) 

[33] 

 

3.4.4 CdS buffer layer optimization 

A specific optimization of the CdS buffer layer for CZGSe absorber appears to be critical for 

the improvement of the solar cell devices performance since the absorber/CdS heterojunction 
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characteristics rule the solar cell operation.  The aim of these experiments was to adapt the 

optimal CdS buffer layer parameters employed by Leo Choubrac et al. [34] to revamp the 

power conversion efficiency of the devices fabricated from absorbers etched/passivated 

following;  

Cell A: (NH4)2S (22% v/v, Alfa-Aesar, for 2 min) [30] and         

Cell B: [KMnO4 (0.1M) + H2SO4 (1M)] for 40s + (NH4)2S (22% v/v, Alfa-Aesar, for 2 min) 

[33]. 

The same precursor stack order; Mo(≈ 700nm) /Cu(4nm) /Zn(168nm) /Cu(205nm) 

/Ge(219nm), was prepared during the absorber synthesis and it was subjected to the same 

annealing treatment following the same profile, i.e., one step annealing profile, at pressure: 

1000 mbar, for 15 minutes, at 535 ºC using Se(100 mg, Alfa-Aesar powder, 99.999%) and 

GeSe2 (50 mg, Alfa-Aesar powder, 99.999%). For the CdS buffer layer chemical bath 

deposition (CBD), the following parameters were adapted [34]: 

Concentrations of reagents: Ammonia: [1M], Cadium Acetate: [2.6 mM], Thiourea: [0.1 M] 

Chemical bath deposition parameters: Deposition Temperature: T = 52 ºC, Deposition time t 

= 5 min. 

 

3.4.5 General sample fabrication procedure 

This part summarizes the general synthesis route followed to produce all the Ge-kesterite 

absorber films and the corresponding solar cell devices explored under different optimization 

parameters as outlined above. The details regarding metal stacks (stack orders and deposited 
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film thickness), reactive annealing profiles and the wet-chemical bath etching (CBE) 

solutions are already given in the descriptions of optimization experiments above.  

Soda lime glass (SLG) substrate cleaning: Firstly, the SLG glass substrates (10 × 10 cm
2
) 

were washed with soap for 10 min using a sponge and rinsed with distilled water. Secondly, 

the substrates were sequentially sonicated in acetone, isopropanol and deionised water. Each 

ultrasonic treatment was carried out for 30 min at a temperature of 55℃. The substrates were 

then dried with an argon flux. Prior to Mo back contact deposition, the substrates were finally 

submitted to an additional surface treatment employing radiofrequency (RF) plasma (100 W, 

2x10
-2

 mbar Ar pressure, room temperature, for 5 min). 

CZGSe Absorber Synthesis: Firstly, a Mo back-contact layer (≈ 700 nm, 0.13 Ω/sq) was 

deposited onto a clean 10x10 cm
2
 soda-lime glass (SLG) substrate employing (DC) 

magnetron sputtering system (Ac450 Alliance Concepts, Annecy, France). Different Ge-

kesterite absorber films; CZGSe, with different content compositions were synthesized by a 

sequential sputtering deposition of constituent elements Cu/Zn/Ge (precursor stack) by direct 

current (DC) magnetron sputtering technique (Ac450 Alliance Concepts, Annecy, France), as 

reported elsewhere[35]. The precursor stacks (2.5 x 2.5 cm
2
) were subsequently selenized 

following one-step reactive annealing processes described under optimization experiments 

above in order to obtain CZGSe absorber films. The duration of the entire reactive annealing 

process (ramp, dwell and cooling) was 3h in all optimization experiments. The reactive 

annealing processes were carried out in a Se + GeSe2 environment created by 100 mg of Se 

(Alfa-Aesar powder, 99.999%) and 50 mg of GeSe2 (Alfa-Aesar powder, 99.9999%) in a 

conventional tubular furnace, for all the CZGSe absorber films under investigation. During 

reactive annealing, the precursor stacks were held in a square shaped graphite box (69 cm
3 

in 

volume) with provision to place Se and GeSe2 on the sides of the box.  The purpose of GeSe2 

was to compensate for the anticipated Ge loss during the reactive annealing process.  The 
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CZGSe absorbers (selenized precursor stacks) were then immersed in different etching 

solutions (see optimization experiment descriptions) to remove secondary phases, elemental 

selenium and native oxides from the absorber surface after reactive annealing process. 

CdS buffer layer deposition: A standard baseline routine established at Catalonia Institute for 

Energy Research (IREC) was adopted for CdS buffer layer deposition via chemical bath 

deposition (CBD) technique [36]. The CBD was carried out in aqueous bath (pH = 9.5) with 

the chemical concentrations: cadmium acetate [0.12M], and thiourea [0.3M]. During CBD 

process, the reactants, reactor, and samples (CZGSe absorber films) were held at room 

temperature whilst the temperature of the thermostatic bath was stabilized at a temperature of 

70℃. The process took 5 min to deposit a CdS layer with thickness of 50 ± 8 nm. 

Solar Cell Fabrication: To complete CZGSe solar cell devices, a 50 nm thick CdS layer was 

deposited via chemical bath deposition (CBD) technique followed by DC-pulsed sputtering 

deposition of i-ZnO (50 nm) and In2O3-SnO2 (ITO, 350 nm, 90/10 wt.%) as transparent 

conductive window layer employing (Alliance CT100, Grenoble, France) system. Individual 

cells with an area 3 × 3 mm2 were laterally isolated by mechanical scribing using a manual 

microdiamond scriber MR200 OEG (OEG Gesellchaft fur Optik, Elektronik & Geratetechnik 

mbH, Frankfurt, Germany) with a 20 µm line width. Neither antireflective coating nor 

metallic grids were used for the optoelectronic characterization of the devices. 

 

3.4.6 CZGSe sample characterization/analyses 

Physical Analysis: The chemical compositions of precursor stacks (Cu/Zn/Ge) and CZGSe 

absorbers were determined by a calibrated X-ray fluorescence system XRF (Fischercope 

XVD, Maharashtra, India).  The images for top view (of the absorber films) and cross 
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sectional morphology (of the solar cell devices) were obtained utilising Scanning Electron 

Microscope  (SEM) ZEISS Series Auriga microscope (New York, U.S.) using 5 kV 

accelerating voltage.  Raman spectra were obtained using a Horiba Jobin Yvon LabRam 

HR800-UV coupled with an Olympus metallographic microscope.  All Raman measurements 

were carried out in an area of 30 × 30 μm2 in a dual scan mode and the laser spot diameter 

was about 1 μm.. The power density was kept below 16 kW cm
-2

 in order to avoid the 

possible thermal effects in the Raman measurements. Si mono-crystal reference was utilized 

to calibrate the Raman spectra and imposing the Raman shift for the main Si band at 520 cm
-

1
. A number of experiments were performed on the same spot of the samples in order to 

evaluate the Raman shift and FWHM errors.  

Electrical and Optical Analyses: The photovoltaic parameters were measured using a 

calibrated Sun 3000 class AAA solar simulator (Abet Technologies Inc., Milford, 

Connecticut, USA; uniform illumination area of 15x15 cm
2
), starting from the negative to 

positive voltage. The measurements were carried out at 25℃ under illumination. The 

intensity of the solar simulator was calibrated to 1 SUN AM 1.5 utilising a Si reference cell 

prior to measuring the irradiance. External Quantum Efficiency (EQE) measurements were 

carried out employing a Bentham PVE300 system (Bentham Instruments Ltd, Berkshire, 

U.K.) calibrated with a Si and Ge photodiode. The system was operated at a voltage of 300 

kV.  
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CHAPTER 4 

 

 

Experimental Results and Discussion 

4.1 INTRODUCTION 

Eco-toxicity posed by metal Pb and the poor stability against humidity remain to be the two 

most serious challenges hindering the practical industrial application in spite of the 

remarkable achievements and potentials of hybrid perovskite materials (see chapter 1 and 2). 

The eco-toxicity of metal Pb stems from the fact that Pb is highly soluble in water and can 

have harmful effects in the human anatomy and the environment [1–6]. The utilization of 

heavy and toxic materials (as well as the metal Pb) for application  in optoelectronic devices 

is currently regulated by the European Union and the maximum Pb content in air and water 

has been agreed be 0.15 µgL
-1

 and 15 µgL
-1

, respectively, established by the U.S. EPA [7,8]. 

Owing to the continuous development towards the commercialization of hybrid perovskite 

solar cells, the quest for lead-free hybrid perovskite materials has become a cutting edge 

research topic due to the eco-toxicity posed by elemental Pb in Pb-containing hybrid 

perovskite; i.e. CH3NH3PbI3, solar cells generating serious concern towards environmental 

pollution [9–12]. Moreover, the poor stability against humidity (oxygen/moisture) [3–5], heat 

[2], and ultraviolet (UV) electromagnetic radiation [3,6] remains to be another impediment 

for industrial application of hybrid perovskite based optoelectronic devices. In 2020 – 2021, 

the main focus of research undertakings on hybrid perovskite layers has been directed 

towards stabilizing the formamidinium lead iodide (FAPbI3) perovskite phase [13,14]. 
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Therefore, these challenges call for the development of hybrid perovskite materials with 

outstanding optoelectronic properties, high eco-stability and low to non-toxicity. The chief 

aim of this study is to synthesize and characterize new air-stable hybrid perovskite thin film 

materials incorporating earth abundant and non-toxic transition metals which include Ni, Cu 

& Zn to address the issue of eco-toxicity posed by metal Pb.  

Kesterite based solar cell technology has been extensively explored in the last years and 

significant advances and fundamental understanding have been attained, however, only a 

record power conversion efficiency of 13% (on a laboratory scale) has been attained to date 

and it has since remained stagnant at this value [15]. The stagnation of the record power 

conversion efficiency is primarily related to elemental Sn, largely to the volatile Sn(S,Se)x 

species [16] that results in morphological and compositional issues [17], and the unstable 

oxidation state (.i.e. Sn
2+

↔Sn
4+

) that results in the growth of deep defects [18,19] that 

ultimately generate high VOC deficit in CZTSSe-based solar cell devices. It has already been 

mentioned that the low open circuit voltage (VOC) is the common constraint restricting the 

performance in kesterite based solar cells chiefly when compared to the highest possible VOC 

value ruled by the Shockley-Queisser radiative limit (VOC.SQ) [20]. Currently, the replacement 

of Sn by elemental Ge is considered a potential strategy to advance the kesterite based solar 

cell technology and this challenge inspired the course of this study; development of Ge 

kesterite solar cells. B.H. Lee et al. [21] recently published a study focusing on the effect of 

Ge nanolayer stacking order on the photovoltaic performance of CZTSSe thin film solar cells 

and the experimental results indicated that the ideal Ge nanolayer content and the respective 

ideal position (stack order) has the capability to advance the optoelectronic properties of 

kesterite CZTSSe absorber layer which will resultantly attain high power conversion 

efficiency in kesterite based solar cells.  
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4.2 NiCuZn HYBRID PEROVSKITE THIN FILMS 

4.2.1 Structural Analysis by X-ray Diffraction (XRD) 

The X-Ray diffraction patterns of all the compounds investigated in this study were collected 

to confirm the purity of the perovskite phase for all the compounds investigated in this study. 

From these XRD patterns, other information concerning the structural properties of the 

materials was extracted to further probe the structures. The Visualization for Electronic and 

Structural Analysis (VESTA) software was utilized to visualize the electronic structures of 

the compounds. 

i. Purity and Degree of Crystallinity (peak to noise ratio) 
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Figure 4.1: Simulated crystal structure of tetragonal CH3NH3PbI3 by VESTA (a). XRD 

patterns of pure traditional CH3NH3PbI3 perovskite (b). 

X-ray diffraction patterns in Figure 4.1 are for CH3NH3PbI3 thin film deposited on ITO 

coated glass substrate via two-step deposition technique which was employed in this study.  

The preferential orientation of prominent peaks is illustrated towards (110), (112), (211), 

(202), (220), (310), (312), (224), and (314) which perfectly fits the pure phase tetragonal 

crystal system (space group I4/mcm) with lattice parameters; a = b = 8.8390 Å, c = 12.6950 

Å, α = β = γ = 90º,  (Volume of cell (10
^
6 pm

^
3): 991.83) [22–26]. The strong diffraction 

peaks observed at crystal planes of (110) and (220) compare very well with the ones 

previously reported in literature [27–29]. The presence of these two strong peaks confirmed 

the formation of tetragonal perovskite structure [30–32].  Table 4.1 shows the lattice 

parameters determined from the XRD patterns using the following equations: 

                                                 𝑛𝜆 = 2𝑑 sin 𝜃, (𝑛 = 1), Bragg’s Law,                                   (1)                                                                                                 

                                                  𝑑 =
1

√ℎ
2+𝑘2

𝑎2
+
𝑙2

𝑐2

                                                                     (2) 
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where d is the interplanar distance (taken from the JSCDPS card number: 96-412-4389), a 

and c are lattice parameters and h, k and l are miller indices (taken from the XRD patterns). 

The lattice parameters were determined to be a = b = 8.865Å and c = 12.6950Å which 

compared very well with the ones reported in literature for pure tetragonal perovskite 

CH3NH3PbI3 with I4/mcm space group [22–25]. Remarkably, the tetragonal CH3NH3PbI3 has 

been demonstrated to be centrosymmetric at room temperature with I4/mcm space group 

using first principle calculations by Frohna et al. [26]. 

Table 4.1. Lattice parameters for crystal structure simulations by VESTA software. 

Compound a (Ǻ) b (Ǻ) c (Ǻ) α (º) β (º) γ (º) Space group 

CH3NH3PbI3 8.8390 8.8390 12.6950 90.0000 90.0000 90.0000 I4/mcm 

 

The degree of the crystallinity (peak to noise ratio) of the CH3NH3PbI3 thin film was 

determined using the equation; 

Degree of crystallinity =
Area of crystalline peaks

Area of all peaks(crystalline+armophous)
× 100%                              (3) 

where area of crystalline peaks and the area of all peaks (crystalline + amorphous) were 

determined using Origin 9 software and the results are summarised in Table 4.2. 

Table 4.2. Determination of the degree of crystallinity (peak to noise ratio). 

Compound Area of crystalline 

peaks 

Area of all peaks 

(crystalline + 

amorphous) 

Degree of 

Crystallinity 

CH3NH3PbI3 1691.49 2246.4 75.30 
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An impressive degree of crystallinity of 75.30% was observed for the pure perovskite 

CH3NH3PbI3 thin film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Simulated crystal structure of tetragonal Ni doped CH3NH3PbI3•Ni by VESTA 

(a). XRD patterns of pure and Zn doped CH3NH3PbI3 (1, 5 and 10% Ni) perovskite thin films 

(b). 
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X-ray diffraction patterns in Figure 4.2 are for CH3NH3PbI3•Ni thin films deposited on ITO 

coated glass substrates via two-step deposition technique which was employed in this study.  

The preferential orientation of prominent peaks is illustrated towards (110), (112), (211), 

(202), (220), (310), (312), (224), and (314) which also perfectly fits the pure phase tetragonal 

crystal system (space group I4/mcm) with lattice parameters; a = b = 8.8390 Å, c = 12.6950 

Å, α = β = γ = 90º,  (Volume of cell (10
^
6 pm

^
3): 991.83) [22–25]. The strong diffraction 

peaks observed at crystal planes of (110) and (220) were also observed for Ni doped hybrid 

perovskite CH3NH3PbI3•Ni thin films which also compare very well with the ones previously 

reported in literature [27–29]. The presence of these two strong peaks confirmed the 

formation of tetragonal perovskite structure [30–32]. Table 4.3 shows the lattice parameters 

for CH3NH3PbI3•Ni thin films determined from the XRD patterns using equation 1 & 2.  The 

calculated lattice parameters for CH3NH3PbI3•Ni thin films compared very well with the ones 

reported in literature for pure tetragonal perovskite CH3NH3PbI3 with I4/mcm space group 

[22–25]. 

Table 4.3. Calculated lattice parameters for CH3NH3PbI3•Ni thin films. 

Compound a (Ǻ) b (Ǻ) c (Ǻ) α (º) γ (º) β (º) Space group 

CH3NH3PbI3•Ni 

(simulated) 

8.8390 8.8390 12.6950 90.0000 90.0000 90.0000 I4/mcm 

CH3NH3PbI3•1%Ni 8.8461 8.8461 12.6950 90.000 90.0000 90.0000 I4/mcm 

CH3NH3PbI3•5%Ni 8.8391 8.8391 12.6950 90.000 90.0000 90.0000 I4/mcm 

CH3NH3PbI3•10%Ni 8.8510 8.8510 12.6950 90.000 90.0000 90.0000 I4/mcm 
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The content of Ni dopant in CH3NH3PbI3•Ni thin films was determined using Vergad’s law 

which states that the unit cell parameter (and unit cell volume) vary linearly from end 

member to the other as a function of composition; 

NiI2 + CH3NH3PbI3 → CH3NH3PbI3•Ni 

a(CH3NH3PbI3•Ni) = xa(NI2) + (1 – x)a(CH3NH3PbI3) 

where x = dopant concentration, a(NI2) = 3.91Ǻ, a(CH3NH3PbI3) = 8.8390Ǻ, 

a(CH3NH3PbI3•Ni) is taken from Table 4.3. The results are summarized in Table 4.4 below. 

Table 4.4. Ni content in CH3NH3PbI3•Ni determined using Vergad’s Law. 

Compound Ni(%) 

CH3NH3PbI3•1%Ni 0.14 

CH3NH3PbI3•5%Ni 0.002 

CH3NH3PbI3•10%Ni 0.24 

 

The results for the degree of crystallinity are summarized in Table 4.5 below. 

Table 4.5. Determination of the degree of crystallinity (peak to noise ratio). 

Compound Area of crystalline 

peaks 

Area of all peaks 

(crystalline + 

amorphous) 

Degree of 

Crystallinity 

CH3NH3PbI3•1%Ni 2314.1300 3193.977 72.45 

CH3NH3PbI3•5%Ni 2798.5189 3460.019 80.88 

CH3NH3PbI3•10%Ni 2527.3800 3085.600 81.90 

. 

 

 

 

A slight increase in degree of crystallinity from 72.45% to 80.88% to 81.90% (average = 

78.41%) for CH3NH3PbI3•1%Ni, CH3NH3PbI3•5%Ni, CH3NH3PbI3•10%Ni, respectively, 

was observed for Ni doped CH3NH3PbI3•Ni perovskites as observed from Table 4.5 
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X-ray diffraction patterns in Figure 4.3 are for CH3NH3PbI3•Cu thin films deposited on ITO 

coated glass substrates via two-step deposition technique which was employed in this study.  
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Figure 4.3: Simulated crystal structure of tetragonal Cu doped CH3NH3PbI3•Cu by VESTA 

(a). XRD patterns of pure and Cu doped CH3NH3PbI3 (1, 5 and 10% Cu) perovskite thin 

films (b). 
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The preferential orientation of prominent peaks is illustrated towards (110), (112), (211), 

(202), (220), (310), (312), (224), and (314) which also perfectly fits the pure phase tetragonal 

crystal system (space group I4/mcm) with lattice parameters; a = b = 8.8390 Å, c = 12.6950 

Å, α = β = γ = 90º,  (Volume of cell (10
^
6 pm

^
3): 991.83). [22–25]. The strong diffraction 

peaks observed at crystal planes of (110) and (220) were also observed for Cu doped hybrid 

perovskite CH3NH3PbI3•Cu thin films which also compare very well with the ones previously 

reported in literature [27–29]. The presence of these two strong peaks confirmed the 

formation of tetragonal perovskite structure [30–32]. Table 4.6 shows the lattice parameters 

for CH3NH3PbI3•Cu thin films determined from the XRD patterns using equation 1 & 2.  The 

calculated lattice parameters for CH3NH3PbI3•Cu thin films compared very well with the 

ones reported in literature for pure tetragonal perovskite CH3NH3PbI3 with I4/mcm space 

group [22–25].  

Table 4.6. Calculated lattice parameters for CH3NH3PbI3•Cu thin films. 

Compound a (Ǻ) b (Ǻ) c (Ǻ) α (º) γ (º) β (º) Space group 

CH3NH3PbI3•Cu 

(simulated) 

8.8390 8.8390 12.6950 90.0000 90.0000 90.0000 I4/mcm 

CH3NH3PbI3•1%Cu 8.8468 8.8468 12.6950 90.000 90.0000 90.0000 I4/mcm 

CH3NH3PbI3•5%Cu 8.8468 8.8468 12.6950 90.000 90.0000 90.0000 I4/mcm 

CH3NH3PbI3•10%Cu 8.8135 8.8135 12.6950 90.000 90.0000 90.0000 I4/mcm 

 

The content of Cu dopant in CH3NH3PbI3•Cu thin films was determined using Vergad’s law 

which states that the unit cell parameter (and unit cell volume) vary linearly from end 

member to the other as a function of composition; 

CuI + CH3NH3PbI3 → CH3NH3PbI3•Cu 
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a(CH3NH3PbI3•Cu) = xa(CuI) + (1 – x)a(CH3NH3PbI3) 

where x = dopant concentration, a(CuI) = 6.0427Ǻ, a(CH3NH3PbI3) = 8.8390Ǻ, 

a(CH3NH3PbI3•Cu) is taken from Table 4.6. The results are summarized in Table 4.7 below. 

Table 4.7. Cu content in CH3NH3PbI3•Cu determined using Vergad’s Law. 

Compound Cu(%) 

CH3NH3PbI3•1%Cu 0.26 

CH3NH3PbI3•5%Cu 0.26 

CH3NH3PbI3•10%Cu 0.911 

 

The results for the degree of crystallinity are summarized in Table 4.8 below. 

Table 4.8. Determination of the degree of crystallinity (peak to noise ratio). 

Compound Area of crystalline 

peaks 

Area of all peaks 

(crystalline + 

amorphous) 

Degree of 

Crystallinity 

CH3NH3PbI3•1%Cu 2099.55 3012.566 69,69 

CH3NH3PbI3•5%Cu 2371.12 3692.58 64.21 

CH3NH3PbI3•10%Cu 2242.08 3220,76 69.61 

 

An average degree of crystallinity of 67.84% was observed for Cu doped CH3NH3PbI3•Cu 

perovskites as seen from Table 4.8. 

 

 

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



178 
 

15 20 25 30 35 40 45 50

 

In
te

ns
ity

 (a
.u

)

2 (degrees)

CH
3
NH

3
PbI

3
(110)

(112)

(211)
(202)

(220)

(310)

(312) (224)(314)PbI
2

PbI2

CH
3
NH

3
PbI

3
(1%Zn)  

CH
3
NH

3
PbI

3
(5%Zn)

  

CH
3
NH

3
PbI

3
(10%Zn)

 

 

 

(b)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Simulated crystal structure of tetragonal Zn doped CH3NH3PbI3•Zn by VESTA 

(a). XRD patterns of pure and Zn doped CH3NH3PbI3 (1, 5 and 10% Zn) perovskite thin films 

(b). 

 

(a) 

Polyhedral: PbI6
-
 

 

Organic cation: 

CH3NH3
+
 

 

 

 

 Zn dopants 

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



179 
 

X-ray diffraction patterns in Figure 4.4 are for Zn doped perovskites CH3NH3PbI3•Zn thin 

films deposited on ITO coated glass substrate via two-step deposition technique which was 

employed in this study. The preferential orientation of prominent peaks is illustrated towards 

(110), (112), (211), (202), (220), (310), (312), (224), and (314) which also perfectly fits the 

pure phase tetragonal crystal system (space group I4/mcm) with lattice parameters; a = b = 

8.8390 Å, c = 12.6950 Å, α = β = γ = 90º,  (Volume of cell (10
^
6 pm

^
3): 991.83) [22–25]. 

The strong diffraction peaks observed at crystal planes of (110) and (220) were also observed 

for Zn doped hybrid perovskite CH3NH3PbI3•Zn thin films which also compare very well 

with the ones previously reported in literature [27–29]. The presence of these two strong 

peaks confirmed the formation of tetragonal perovskite structure [30–32]. Table 4.9 shows 

the lattice parameters for CH3NH3PbI3•Zn thin films determined from the XRD patterns 

using equation 1 & 2 and the results are summarized in Table 4.9.  The calculated lattice 

parameters for CH3NH3PbI3•Zn thin films compared very well with the ones reported in 

literature for pure tetragonal perovskite CH3NH3PbI3 with I4/mcm space group [22–25]. 

Table 4.9 shows the lattice parameters for CH3NH3PbI3•Zn thin films determined from the 

XRD patterns using equation 1 & 2.   

 

Table 4.9. Calculated lattice parameters for CH3NH3PbI3•Zn thin films. 

Compound a (Ǻ) b (Ǻ) c (Ǻ) α (º) γ (º) β (º) Space group 

CH3NH3PbI3•Zn 

(simulated) 

8.8390 8.8390 12.6950 90.0000 90.0000 90.0000 I4/mcm 

CH3NH3PbI3•1%Zn 8.8236 8.8236 12.6950 90.000 90.0000 90.0000 I4/mcm 

CH3NH3PbI3•5%Zn 8.8073 8.8073 12.6950 90.000 90.0000 90.0000 I4/mcm 

CH3NH3PbI3•10%Zn 8.8125 8.8125 12.6950 90.000 90.0000 90.0000 I4/mcm 
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The content of Zn dopant in CH3NH3PbI3•Zn thin films was determined using Vergad’s law 

which states that the unit cell parameter (and unit cell volume) vary linearly from end 

member to the other as a function of composition; 

ZnI2 + CH3NH3PbI3 → CH3NH3PbI3•Zn 

a(CH3NH3PbI3•Zn) = xa(ZnI2) + (1 – x)a(CH3NH3PbI3) 

where x = dopant concentration, a(ZnI2) = 12.284Ǻ, a(CH3NH3PbI3) = 8.8390Ǻ, 

a(CH3NH3PbI3•Zn) is taken from Table 4.9. The results are summarized in Table 4.10 

below. 

Table 4.10. Zn content in CH3NH3PbI3•Zn determined using Vergad’s Law. 

Compound Zn(%) 

CH3NH3PbI3•1%Zn 0.14 

CH3NH3PbI3•5%Zn 0.002 

CH3NH3PbI3•10%Zn 0.24 

 

The results for the degree of crystallinity are summarized in Table 4.11 below. 

Table 4.11. Determination of the degree of crystallinity (peak to noise ratio). 

Compound Area of crystalline 

peaks 

Area of all peaks 

(crystalline + 

amorphous) 

Degree of 

Crystallinity 

CH3NH3PbI3•1%Zn 1691.49 2246.40 75.30 

CH3NH3PbI3•5%Zn 3437.54 3920.42 87.68 

CH3NH3PbI3•10%Zn 2151.09 2680.50 80.25 

 

An average degree of crystallinity of 81.08% was observed for Zn doped CH3NH3PbI3•Zn 

perovskites as observed from Table 4.11. 
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All thin films materials in this study confirmed a pure perovskite phase in the tetragonal 

crystal system which was in agreement with the results of the previous works for 

methyalammonium lead triiodide [33]. There was no significant impact induced by transition 

metals on the lattice parameters and space group. This shows that the transition metals Ni, Cu 

and Zn did not shrink or expand the crystal structure of the traditional pure phase 

CH3NH3PbI3 perovskite. This observation could be attributed to the atomic radiuses of the 

transition metals; Ni (1.15Å), Cu (1.17Å) and Zn (1.24Å) in close proximity to Pb (1.75Å). 

The other reason could be the fact that the transition metals were incorporated into the 

structure at a very low doping level (see Table 4.4, 4.7 and 4.10) and hence almost no impact 

on the lattice parameters.  The ultimate reason for transition metals Ni, Cu and Zn not 

altering/perturbing the tetragonal crystal structure of the pure phase CH3NH3PbI3 could be 

due to the fact that the calculated tolerance factors 1.02, 0.99, 1.00, for Ni, Cu and Zn, 

respectively, were within the accepted range of 0.76 < t < 1.13 for perovskite formation and 

stabilization [34]. The tolerance factor calculations were done using the equation below; 

                                                  𝑡 =
(𝑟𝐴+𝑟𝑋)

√2+(𝑟𝐵+𝑟𝑋)
                                                                      (4) 

where 𝑟𝐴 is the ionic radii of the organic cation (CH3NH3
+
 = 180 pm),  𝑟𝐵 is the ionic radii of 

the metal cation (Ni
2+

 = 70 ppm, Cu
+
 = 77 ppm and Zn

2+
 = 74 ppm), and 𝑟𝑋 is the ionic radii 

of the halide anions (I
-
 = 181 ppm). Nonetheless, the degree of crystallinity (peak-to-noise-

ratio) analysis demonstrated an effect induced by transition metals on the degree of 

crystallinity of the materials. On average; the degree of crystallinity for CH3NH3PbI3, 

CH3NH3PbI3•Ni, CH3NH3PbI3•Cu and CH3NH3PbI3•Zn were determined to be 75.30%, 

78.41%, 67.84% and 81.08%, respectively. Ni
2+

 and Zn
2+

 doped perovskites demonstrated 

good crystallinity properties which is beneficial for enhancing the photo-physical properties 

[35] and for optimum solar cell device performance [36–38]. 
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ii. Crystallite (grain) size 

The crystallite (grain) sizes of all the compounds under investigation were calculated using 

the Scherrer equation below; 

                                            D =
kλ

βcosθ
                                                   (5) 

where, D = crystallite (grain) size (nm), K = 0.9 (Scherrer constant), λ = 0.15406 nm 

(wavelength of the x-ray sources), β = FWHM (radians) (determined using Origin 9.0 

software for each and every crystalline peak), θ = peak positions (radians). The average 

crystallite (grain) size for traditional pure phase CH3NH3PbI3 was determined to be 33.71 nm.   

The crystallite size for Ni, Cu, and Zn doped perovskites are summarized in Table 4.12. 

Table 4.12. Crystallite (grain) sizes of Ni, Cu, and Zn doped perovskites. 

Compound Average Crystallite (grain) size; D (nm) 

CH3NH3PbI3•Ni  

CH3NH3PbI3•1%Ni 36.12 

CH3NH3PbI3•5%Ni 32.02 

CH3NH3PbI3•10%Ni 36.42 

CH3NH3PbI3•Cu  

CH3NH3PbI3•1%Cu 37.14 

CH3NH3PbI3•5%Cu 32.78 

CH3NH3PbI3•10%Cu 32.82 

CH3NH3PbI3•Zn  

CH3NH3PbI3•1%Zn 35.72 

CH3NH3PbI3•5%Zn 40.22 

CH3NH3PbI3•10%Zn 42.68 

 

The graphical representation of the impact of transition metals on the crystallite (grain) size at 

different doping content is illustrated below. 
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Figure 4.5: Crystallite size of transition metal perovskites; CH3NH3PbI3•Ni (a), 

CH3NH3PbI3•Cu (b), and CH3NH3PbI3•Zn (c). 

The crystallite sizes for all thin films material under investigation were determined to be 

CH3NH3PbI3 (33.71 nm), CH3NH3PbI3•Ni (32 to 36 nm), CH3NH3PbI3•Cu (32 to 37 nm) and 

CH3NH3PbI3•Zn (35 to 42 nm).  These results were in close proximity to each other 

demonstrating that there was no significant increase or decrease in the crystallite size induced 
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by the transitional metal dopants; Ni, Cu and Zn, on the traditional CH3NH3PbI3. The 

expansion and compression of the whole crystal lattice is dependent upon the size of the 

organic cation A (.i.e. CH3NH3
+
 in this study). The utilization of bigger organic cations, e.g. 

formamidinium cation (HC(NH2)2
+
, FA

+
), has demonstrated a higher symmetry to the 

perovskite structure corroborated by the observed reduction in energy bandgap [39].  

 

iii. Micro-strain 

J. Zhao et al. reported for the first time a detailed study on strained hybrid perovskite thin 

films and their impact on the intrinsic stability of perovskite solar cell [40]. J. Zhao et al. 

found out that the existing methods for the fabrication of hybrid perovskite thin films results 

in strained thin films and that strain is caused by mismatched thermal expansion of perovskite 

films and substrates during the thermal annealing (high temperature annealing) process. It 

was ultimately found that this strain accelerates degradation of perovskite thin films under 

illumination which could be explained by increased ion migration in strained hybrid 

perovskite thin films. The accelerated ion migration in strained perovskite films explains the 

faster degradation of hybrid perovskite because CH3NH3
+
 and I

-
 ions can easily migrate from 

the CH3NH3PbI3 thin films, producing PbI2.  

In this study, a two-step deposition technique, with first annealing temperature 𝑇1 = 100℃ 

and final annealing temperature 𝑇2 = 70℃, was employed to produce all the thin films under 

investigation on ITO glass substrates. The strain analysis of these materials will be based on 

the impact of transition metals (dopants) on pure CH3NH3PbI3 thin film. The micro-strain 

was calculated using the equation below;  

                                                                  휀 =
𝛽

4𝑡𝑎𝑛𝜃
                                                        (6) 
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where, 휀 = micro-strain, β = FWHM (radians) (determined using Origin 9.0 software for each 

and every crystalline peak), θ = peak positions (radians). The average micro-strain for pure 

CH3NH3PbI3 thin film was determined to be 4.14 × 10−3.  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 4.6: Impact of transition metals content on macrostrain for CH3NH3PbI3•Ni (a), 

CH3NH3PbI3•Cu (b) and CH3NH3PbI3•Zn (c). 

For CH3NH3PbI3•Ni thin films,  the CH3NH3PbI3•10%Ni with micro strain of 4.14 × 10−3 

was the least strained. For CH3NH3PbI3•Cu thin films, the CH3NH3PbI3•5%Cu with micro 
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strain of 4.38 × 10−3 was the least strained. For CH3NH3PbI3•Zn thin films, 

CH3NH3PbI3•10%Zn with micro strain of 3.87 × 10−3 was the least strained. These results 

show that Zn transition metal has the potential/capacity for strain relaxation of strained 

CH3NH3PbI3 (micro-strain of 4.14 × 10−3) thin films. Therefore Zn showed better 

potential/capacity for the intrinsic stability of CH3NH3PbI3•Zn thin films. Zhao et al. [40] 

reported that hybrid perovskite materials with lower degree of micro-strain exhibit superior 

hole extraction capacity at the perovskite/hole transport layer boundary by levelling the 

valence band. Moreover, they also observed that as the micro-strains are eliminated, the 

carrier mobility increased.  
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Figure 4.7: The relationship between micro-strain and crystallite size for  CH3NH3PbI3•Ni 

(a), CH3NH3PbI3•Cu (b) and CH3NH3PbI3•Zn (c). 

The relationship between micro-strain and crystallite size is illustrated in Figure 4.7 above. It 

was observed that the micro-strain and crystallite size are in an inverse proportion with each 

other (i.e. as the crystallite size increases, the micro-strain decreases). The Ni doped 

perovskite CH3NH3PbI3•Ni thin films and the Zn doped perovskite CH3NH3PbI3•Zn thin 

films best demonstrate this phenomena as seen from Figure 4.7.  

 

iv. Dislocation density 

The dislocation density magnitude represents the degree of structural imperfections of a 

material.  An inversely proportional relationship between the dislocation density and the 

photovoltaic performance of cesium lead tri-iodide perovskite (CsPbI3) solar cells was 

demonstrated by Haque et al. [41]. This means that solar cell devices with the lowest 

dislocation density had the best power conversion efficiency, and vice-versa [41,42].  The 
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dislocation density of all thin film materials under investigation was calculated using the 

following equation [43]; 

                                                        𝛿 =
1

𝐷2
                                                                            (7) 

where, 𝛿 is the dislocation density (nm
-2

), D = crystallite size (nm).  

 

 

 

 

 

 

 

 

Figure 4.8: Impact of transition metals content on dislocation density for CH3NH3PbI3•Ni 

(a), CH3NH3PbI3•Cu (b) and CH3NH3PbI3•Zn (c). 
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The dislocation density for pure CH3NH3PbI3 was determined to be 1.173 × 10−3nm−2. For 

CH3NH3PbI3•Ni thin films, the CH3NH3PbI3•5%Ni thin film with dislocation density of 

1.223 × 10−3nm−2 was the material with the least dislocation density. For CH3NH3PbI3•Cu 

thin films, the CH3NH3PbI3•1%Cu thin film with dislocation density of 1.0833 × 10−3nm−2 

was the material with the least dislocation density. For CH3NH3PbI3•Zn thin films, 

CH3NH3PbI3•10%Zn with dislocation density of 0.7563 × 10−3nm−2  was the material with 

the least dislocation density. This was in agreement with the results reported by Jones et al. 

[44] which demonstrated that the presence of micro-strains in CH3NH3PbI3 raises the defect 

concentration in CH3NH3PbI3 and yields non-radiative recombination. Thus, the reduction of 

(or total elimination of) micro-strain will yield hybrid perovskite material with less defect 

concentration and less non-radiative recombination. These results show that Zn transition 

metal has the potential/capacity for the reduction/elimination of dislocation density (degree of 

structural imperfections) for CH3NH3PbI3 (dislocation density of 1.173 × 10−3nm−2) thin 

films. Therefore, Zn showed better potential/capacity for advanced photovoltaic performance 

of CH3NH3PbI3•Zn thin films.  
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Figure 4.9: The relationship between dislocation density and crystallite size for 

 CH3NH3PbI3•Ni (a), CH3NH3PbI3•Cu (b) and CH3NH3PbI3•Zn (c). 

 

It was observed that the dislocation density and crystallite size are in an inverse proportion 

with each other (i.e. as the crystallite size increases, the dislocation density decreases). The 

Zn doped perovskite CH3NH3PbI3•Zn thin films best demonstrate this 

relationship/phenomena as seen from Figure 4.9.  

 

4.2.2 Surface analysis by X-ray Photoelectron Spectroscopy (XPS) 

The elemental composition of the perovskite thin films under investigation was analysed 

using the XPS surface analysis technique. During the XPS experiment, high energy x-rays are 

used to emit core-level electrons into the energy analyser of the photo-electron spectroscopy. 

Since the binding energy of the core-level electrons is to a certain degree unique to their 

parent atom, elemental identification can easily be done by assigning the atom to the 

corresponding binding energy peak as shown in the wide scan survey of pure CH3NH3PbI3 in 

Figure 4.10 below. 
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Figure 4.10: XPS survey spectrum of a pure CH3NH3PbI3 thin film. Most represents unique 

electronic atomic orbitals allowing for elemental identification. 

 

It was observed from the survey spectrum that Pb 4f, I 3d, C 1s, and N 1s signals exist on the 

surface of the pure tetragonal CH3NH3PbI3 perovskite thin film. The presence of the oxygen 

atom is due to the fact that the thin film samples were not sputtered during the measurements.  

After running a wide survey scan on the surface of the pure tetragonal CH3NH3PbI3 thin film, 

high resolution core level spectra for Pb4f, I 3d, C 1s, and N 1s were taken. 
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Figure 4.11: XPS high resolution scan for Pb4f (a), I3d (b), C1s (d), N1s (c).  

The Pb4f and I3d doublets displaying spin-orbit splitting into Pb4f5/2 & Pb4f7/2 and I3d5/2 & 

I3d3/2 were observed as shown from the high resolution core level spectra in Figure 4.11. The 

summary of the elemental binding energies is given in Table 4.13.  
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Table 4.13. Summary of the elemental binding energies. 

Element Orbital Binding Energies (eV) 

Pb 4f7/2 ; 4f5/2 138.5 ; 143.5 

I 3d5/2 ; 3d3/2 619.3 ; 630.8 

C 1s 284.8 

N 1s 401.5 

 

The first Pb4f5/2 peak located at 138.5 eV is characteristic of Pb
2+

 and the second Pb4f5/2 peak 

located at 143.5 eV is related to high Pb oxidation states; i.e. Pb
4+

. The Pb4f spin orbit 

splitting was determined to be 5 eV. Iodine at an oxidation state of -1; i.e. I
-1

, was confirmed 

by I3d doublet at I3d5/2 (619.3 eV) & I3d3/2 (630.8 eV). The I3d spin orbit splitting was 

determined to be 11.5 eV comparing very well with the one reported in literature for iodine 

anions [45]. The difference in binding energy between Pb4f7/2 and I3d5/2 was determined to 

be 480.8 eV and it compared very well with the value reported in literature [46]. The C1s 

peak at 248.48 eV corresponds to C-C/C-H functional groups and the N1s peak at 401.5 eV 

corresponds to N-H functional group.  

The XPS survey spectra for CH3NH3PbI3•Ni, CH3NH3PbI3•Cu and CH3NH3PbI3•Zn also 

showed Pb4f, I3d, C1s, and N1s signals exist on the surface of the transition metals doped 

perovskite thin films. The XPS survey spectra are given in the supporting information at the 

end of the chapter.  High resolution core level spectra for Ni, Cu and Zn are discussed below. 
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Figure 4.12: XPS high resolution scan for Ni2P1/2 and Ni2P3/2 for Ni doped CH3NH3PbI3•Ni 

perovskite thin films (a, b and c).  

From Figure 4.12, the presence of Ni
2+

 was observed for all Ni doped CH3NH3PbI3•Ni 

perovskite thin films. The Ni 2P doublet displaying spin-orbit splitting into Ni2P1/2 & Ni2P3/2 

was observed from Figure 4.12 for CH3NH3PbI3•10%Ni (high content of Ni, i.e. 10%Ni) 

indicating the existence of Ni
2+

 at different microenvironments. The corresponding binding 

energies are given in Table 4.14 below. 
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Table 4.14. Summary of the Ni binding energies. 

Element Orbital Binding Energy (eV) 

Ni 2P1/2 ; 2P3/2 874.32 ; 855.77 

 

The first Ni2P1/2 peak located at 874.32 eV is characteristic of Ni
2+

 and the second Ni2P3/2 

peak located at 855.77 eV is related to high Ni oxidation states; i.e. Ni
4+

. The Ni2P spin orbit 

splitting was determined to be 18.55 eV. 

From Figure 4.13, the presence of Cu
2+

 was observed for all Cu doped CH3NH3PbI3•Cu 

perovskite thin films. The Cu2P doublet displaying spin-orbit splitting into Cu2P1/2 & 

Cu2P3/2 was observed from Figure 4.13 (c) for CH3NH3PbI3•10%Cu (high content of Cu, i.e. 

10%Cu) indicating the existence of Cu
2+

 at different microenvironments.  
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Figure 4.13: XPS high resolution scan for Cu2P1/2 and Cu2P3/2 for Cu doped 

CH3NH3PbI3•Cu perovskite thin films.  

 

The first Cu2P1/2 peak located at 930.64 eV is characteristic of Cu and the second Cu2P3/2 

peak located at 951.92 eV is related to high Cu oxidation states; i.e. Cu
2+

. The Cu2P spin 

orbit splitting was determined to be 21.28 eV. The corresponding Cu binding energies are 

given in Table 4.15 below. 

Table 4.15. Summary of the Cu binding energies. 

Element Orbital Binding Energy (eV) 

Cu 2P1/2 ; 2P3/2 930.64 ; 951.92 

 

 

 

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



197 
 

1060 1055 1050 1045 1040 1035 1030 1025

3750

4000

4250

4500

Zn 2P1/2

CH3NH3PbI3Zn

 

 

c
/s

Binding Energy (eV)

(a)

1060 1055 1050 1045 1040 1035 1030 1025

3750

4000

4250

4500 (b) CH3NH3PbI3Zn

 

 

c
/s

Binding Energy (eV)

Zn 2P1/2

1060 1055 1050 1045 1040 1035 1030 1025

3750

4000

4250

4500 (c)

Zn 2P1/2

CH3NH3PbI3Zn

 

 

c
/s

Binding Energy (eV)

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 4.14: XPS high resolution scan for Zn2P1/2 for Zn doped CH3NH3PbI3•Zn perovskite 

thin films.  

From Figure 4.14, the presence of Zn
2+

 was observed for all Zn doped CH3NH3PbI3•Zn 

perovskite thin films. The Zn2P1/2 peak located at 1044.09 eV is characteristic of Zn
2+

. The 

corresponding binding energy is given in Table 16 below. 
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Table 4.16. Summary of the Zn binding energy. 

Element Orbital Binding Energy (eV) 

Zn 2P1/2  1044.09 

 

The XPS measurements in this study confirmed the presence of the transition metals mainly 

in the +2 (and +4 at other microenvironments) oxidation states, i.e. Pb
2+

, Ni
2+

, Cu
2+

 and Zn
2+

. 

Thus, this qualitative analysis confirmed the successful incorporation of transition metals i.e. 

Ni, Cu and Zn into the hybrid perovskite structure. 

 

4.2.3 Photo-physics studies by Ultra-violet visible (UV-vis) & Photoluminescence (PL) 

 The optical/electronic properties of all the materials under investigation were characterized 

by Ultra-violet (UV-vis) and photoluminescence spectroscopy techniques. For UV-vis 

spectroscopy, the characterization technique measures the amount of light absorbed or 

transmitted by a sample at a given wavelength. As the incident light (photons) passes through 

the material, its intensity is expressed by the Lambert-Beer-Bouguer law and the absorption 

coefficient is determined by the equation below; 

                                                            𝛼 = −
1

𝑑
ln(

𝐼

𝐼0
)                                                  (8) 

where d is the film’s thickness. The absorption coefficient α is dependent on the energy hν of 

the incident light (photons). When the energy of the incident light is less than the energy 

bandgap of the material; i.e. hν < Eg (direct), electron hole pairs cannot be generated, 

implying that the material is transparent. When the energy of the incident light is greater than 

the energy bandgap of the material; i.e.  hν ≥ Eg (direct), electron hole pairs can be generated 
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and the absorption manifest. The dependence of absorption coefficient (α) on the frequency ν 

can be estimated by the following equation; 

                                                              𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)
1

2                                                   (9) 

where A is a proportional constant, h is Planck’s constant and 𝐸𝑔 is the bandgap energy. The 

optical energy bandgaps of hybrid perovskite materials under investigation were determined 

employing the Beer’s law by plotting (αhν)
2 

vs hν followed by the extrapolation of the linear 

part of the plot to the  x-intercept that gives the optical energy bandgap [47,48].  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: Absorption spectrum (a), (αhν)
2
 vs. hν (b) and photoluminescence spectrum of 

CH3NH3PbI3 (c). 
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The absorption spectrum of the pure tetragonal CH3NH3PbI3 perovskite is given in Figure 

4.15 (a). The absorption spectrum shows that the pure (none-doped) material CH3NH3PbI3 

absorbs across most of the solar spectrum from ultra-violet visible region (500 nm) to the 

near infrared region (801 nm) [30,49]. The energy bandgap of the material was determined to 

be 1.56 eV by extrapolation to x-intercept of a linear plot of (αhν)
2
 vs. hν as shown in Figure 

4.15 (b). This energy bandgap value (i.e. 1.56 eV, good for sunlight absorption) compares 

very well with the one reported in literature for a perfect tetragonal hybrid perovskite thin 

film material [50,51].  

Photoluminescence spectrum of pure tetragonal CH3NH3PbI3 perovskite is given in Figure 

4.15 (c). The photoluminescence characterization technique is a useful tool for the study of 

optical properties and dynamic processes that take place in photovoltaic materials. During 

photoluminescence characterization, the incident light is bombarded on the material which 

subsequently excites an electron from the filled valence band and transitions it to conduction 

band, and this leaves a hole behind. The created electron hole pair then relaxes to the bottom 

of the conduction band and on top of the valence band, respectively. As the electron hole 

pairs recombine, a photon with energy equal to the energy bandgap of the material is emitted, 

and this process is called radiative recombination. For pure tetragonal CH3NH3PbI3 excited at 

different wavelengths, i.e. 500, 440 and 380 nm, a sharp emission was invariably observed at 

a wavelength of 775 nm as shown in Figure 4.15 (c). This demonstrates that the pure 

tetragonal CH3NH3PbI3 perovskite thin film had a uniform particle size distribution. The 

invariable single photoluminescence emission at 775 nm further demonstrates that all the PbI2 

and CH3NH3I starting materials were converted into CH3NH3PbI3 during the annealing 

treatment of the thin film. The photoluminescence emission peak at 775 nm is close to the 

absorption onset at 801 nm indicating that the photoluminescence emission was mainly from 

the energy bandgap (~1.56 eV) rather than trap or sub-band states [52]. 
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Figure 4.16 

Figure 4.16: Absorption spectrum (a), (αhν)
2
 vs. hν (b) and photoluminescence spectra (c, d, e)  and 

photoluminescence quenching of CH3NH3PbI3•Ni thin films (f). 
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The absorption spectra of Ni doped CH3NH3PbI3•Ni perovskite thin films are given in Figure 

4.16 (a). The absorption spectra show that the CH3NH3PbI3•Ni perovskite thin films absorb 

in the same range as the pure tetragonal CH3NH3PbI3 (undoped) from ultra-violet region (500 

nm) to the near infrared region (800 to 811nm) across the solar spectrum. An insignificant 

redshift absorption by CH3NH3PbI3•10%Ni perovskite thin film was observed which could 

suggest a slight (negligible) crystallite (grain) size increase by the dopant (i.e. 10%Ni). This 

observation shows that the 10%Ni dopant slightly improved the harvest of most of the solar 

spectrum. The energy bandgaps of Ni doped CH3NH3PbI3•Ni perovskite thin films were 

determined to be 1.54, 1.56 and 1.56 eV for CH3NH3PbI3•1%Ni, CH3NH3PbI3•5%Ni and 

CH3NH3PbI3•10%Ni, respectively, by extrapolation to zero of a linear plot of (αhν)
2
 vs. hν as 

shown in Figure 4.16 (b). These energy bandgap values (i.e. 1.54 and 1.56 eV) are also in 

close proximity with the energy bandgap reported in literature for pure tetragonal 

CH3NH3PbI3 [50,51]. The proximity of the energy bandgaps came as no surprise since it was 

observed from the XRD analyses that Ni dopant did not have a significant impact in the 

crystal lattice parameters of the pure tetragonal CH3NH3PbI3 crystal structure.  

The Ni doped CH3NH3PbI3•Ni perovskite thin films were excited at different wavelengths, 

i.e. 500, 440 and 380 nm, and a sharp photoluminescence emission was invariably observed 

at a wavelength of 782 nm as shown in Figure 4.16 (c), (d) and (e). This demonstrates that 

CH3NH3PbI3•Ni perovskite thin films also had a uniform particle size distribution. The 

invariable single photoluminescence emission at 782 nm further demonstrates that all the 

PbI2, NiI2 and CH3NH3I starting materials were converted into CH3NH3PbI3•Ni during the 

annealing treatment of the thin films. The invariable sharp emission at 782 nm demonstrated 

a redshift in comparison to the photoluminescence emission at 775 nm observed for pure 

tetragonal CH3NH3PbI3. 
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It was observed from Figure 4.16 (f) that photoluminescence intensity decreased as the 

content of Ni dopant increased in the CH3NH3PbI3•Ni perovskite thin films. This observation 

is called quenching effect which occurs as a result of energy transfer from the dopant (Ni) to 

the host (CH3NH3PbI3). The quenching effect results in non-radiative recombination 

dynamics (reduction of the photoluminescence intensity) caused by structural defects 

(structural imperfections). Therefore, for Ni doped CH3NH3PbI3•Ni perovskite thin films, 

quenching was anticipated due to dislocation densities (structural defects) imposed by Ni 

dopants as observed in Figure 4.8 (a) under structural analysis discussion above. The minor 

redshift photoluminescence emission; from CH3NH3PbI3 (775 nm) to CH3NH3PbI3•Ni (782 

nm)   was in agreement with the minor redshift absorption of the Ni doped CH3NH3PbI3•Ni 

perovskite thin films; from CH3NH3PbI3 (801 nm) to CH3NH3PbI3•Ni (811 nm). 
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Figure 4.17: Absorption spectrum (a), (αhν)
2
 vs. hν (b) and photoluminescence spectra (c, d, 

e)  and photoluminescence quenching (f) of CH3NH3PbI3•Cu thin films. 

The absorption spectra of Cu doped CH3NH3PbI3•Cu perovskite thin films are given in 

Figure 4.17 (a). The absorption spectra show that CH3NH3PbI3•Cu perovskite thin films 

absorb from ultra-violet visible region (500 nm) to the near infrared region (800 nm) of the 

solar spectrum. However, a slight (almost negligible) blue-shift in absorption was observed 

for CH3NH3PbI3•10%Cu (absorption band edge at 785nm) which could be ascribed to high 

degree of structural defects imposed by Cu dopant, see Figure 4.8 (b). The energy bandgaps 

of Cu doped CH3NH3PbI3•Cu perovskite thin films were determined to be 1.55, 1.55 and 1.56 
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eV for CH3NH3PbI3•1%Cu, CH3NH3PbI3•5%Cu and CH3NH3PbI3•10%Cu, respectively, by 

extrapolation to zero of a linear plot of (αhν)
2
 vs. hν as shown in Figure 4.17 (b). These 

energy bandgap values (i.e. 1.54 and 1.55 eV) are also in close proximity with the energy 

bandgap reported in literature for pure tetragonal CH3NH3PbI3 [50,51].  

The Cu doped CH3NH3PbI3•Cu perovskite thin films were similarly excited at different 

wavelengths, i.e. 500, 440, 380 and 300 nm, and conversely a noisy (rough) 

photoluminescence emission was invariably observed at wavelengths 770 nm and 780 nm 

(implying a uniform particle size distribution) as shown in Figure 4.17 (c), (d) and (e). The 

noisy (rough) photoluminescence emission demonstrates that CH3NH3PbI3•Cu perovskite 

thin films had a high level of structural imperfections induced by Cu dopant as seen from 

Figure 4.8 (b). The invariable sharp emission at 780 nm for CH3NH3PbI3•1% and 

CH3NH3PbI3•5% demonstrated a slight red-shift emission in comparison to the 

photoluminescence emission at 775 nm observed for pure tetragonal CH3NH3PbI3, see 

Figure 4.15 (c) and Figure 4.17 (c) and (d). A slight blue-shift emission was also observed 

for CH3NH3PbI3•10% (emission at 770nm), see Figure 4.17 (e).  It was also observed from 

Figure 4.17 (f) that photoluminescence intensity ultimately decreased as the content of Cu 

dopant increased, i.e. CH3NH3PbI3•10%Cu. Thus, a quenching effect induced by Cu which 

occurs as a result of energy transfer from the dopant (Cu) to the host (CH3NH3PbI3) was also 

observed. Therefore, for Cu doped CH3NH3PbI3•Cu perovskite thin films, quenching was 

also anticipated due to high degree of dislocation densities (structural defects/imperfections) 

imposed by Cu dopants as observed in Figure 4.8 (b) under structural analysis discussion 

above (i.e. increase in structural defects as the Cu content increases). 
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Figure 4.18: Absorption spectrum (a), (αhν)
2
 vs. hν (b) and photoluminescence spectra (c, 

d, e)  and photoluminescence quenching (f) of CH3NH3PbI3•Zn thin films. 
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The absorption spectra of Zn doped CH3NH3PbI3•Zn perovskite thin films are given in 

Figure 4.18 (a). The absorption spectra show that CH3NH3PbI3•Zn perovskite thin films also 

absorb from ultra-violet visible region (500 nm) to the near infrared region (800 nm) across 

the solar spectrum similarly to CH3NH3PbI3•Ni and CH3NH3PbI3•Cu, respectively. A near 

infrared absorption by CH3NH3PbI3•Zn (800 nm) thin films equal to that of CH3NH3PbI3 

(800 nm) was observed which further suggests that the Zn dopant did not induce any changes 

to the crystal lattice parameters as seen from Table 4.9 (i.e. this observation shows that the 

Zn dopant did not have a significant impact on the crystallite (grain size) of pure 

CH3NH3PbI3 (host)). These energy bandgap values (i.e. 1.55 eV for all CH3NH3PbI3•Zn thin 

film materials) are also in close proximity with the energy bandgap reported in literature for 

pure tetragonal CH3NH3PbI3 [50,51]. Similarly to Ni and Cu doped perovskite thin films (i.e. 

(CH3NH3PbI3•Ni and CH3NH3PbI3•Cu), Zn doped CH3NH3PbI3•Zn perovskite thin films still 

demonstrated the potential for optoelectronic (photovoltaic) application since they have good 

absorption properties and the energy bandgap equal to that of the pure tetragonal 

CH3NH3PbI3 perovskite thin film. The Zn doped CH3NH3PbI3•Zn perovskite thin films were 

excited at different wavelengths, i.e. 500, 440 and 380 nm, and sharp photoluminescence 

emissions were invariably observed at a wavelength of 782 nm and 784 nm as shown in 

Figure 4.18 (c), (d) and (e), respectively. This demonstrates that CH3NH3PbI3•Zn perovskite 

thin films also had a uniform particle size distribution. The invariable single 

photoluminescence emissions at 782 nm and 784 nm further demonstrates that all the PbI2, 

ZnI2 and CH3NH3I starting materials were converted into CH3NH3PbI3•Zn during the 

annealing treatment of the thin films. The invariable sharp emissions at 782 nm and 784 nm 

demonstrated a redshift in comparison to the photoluminescence emission at 775 nm 

observed for pure tetragonal CH3NH3PbI3. In contrast to Ni and Cu doped perovskite thin 

films; (CH3NH3PbI3•Ni and CH3NH3PbI3•Cu), it was also observed from Figure 4.18 (f) that 
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photoluminescence intensity increased as the content of Zn dopant increased. This 

observation suggests that Zn suppressed the non-radiative recombination emissions and as a 

result advanced radiative recombination emissions. Thus, a quenching effect was not 

observed for CH3NH3PbI3•Zn perovskite thin films (i.e. there was no energy transfer from Zn 

dopant to CH3NH3PbI3). Therefore, for Zn doped CH3NH3PbI3•Zn perovskite thin films, the 

quenching effect was not observed due to lower degree of dislocation densities (structural 

defects/imperfections) demonstrated by Zn dopants as observed in Figure 4.9 (b) under 

structural analysis discussion above (i.e. decrease in structural defects as Zn content 

increases). It was also observed from Figure 4.6 (c) that as the Zn content increase in 

CH3NH3PbI3•Zn thin films, there was a decrease in the micro strain induced on the thin films 

during annealing treatment. Therefore Zn dopants relaxed the micro strain and reduced the 

concentration of structural defects (dislocation density) on CH3NH3PbI3•Zn thin films and 

promoted radiative recombination emissions [44], making the Zn dopant the best candidate 

amongst Ni and Cu for Pb substitution in CH3NH3PbI3. This observation further suggests that 

Zn perovskites (doped CH3NH3Pb1-xZnxI3 or 100% Zn substituted perovskites will yield 

perovskite thin films CH3NH3(Pb/Zn)I3 materials with good intrinsic stability (owing to 

relaxed micro strain and lower structural imperfections), good optical properties (owing to 

advanced radiative recombination emissions) and ultimately advanced photovoltaic 

performance and durable solar cell devices [42]. 

In summary, the optical studies by UV-vis have demonstrated that the transition metal 

dopants; Ni, Cu and Zn, absorb in the same range as the pure tetragonal CH3NH3PbI3 (i.e. 

from ultra violet (~550 nm) to near infrared region (~800 nm) of the solar spectrum [30,49] 

as seen from the results above and these absorptions resulted in energy bandgaps (i.e. 1.55 

eV) virtually equal to the one reported in literature for pure tetragonal CH3NH3PbI3 

perovskite thin film [50,51]. Most of the solar energy is collected in the visible and near-
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infrared (NIR) region of the solar spectrum, and therefore the absorption spectrum of the 

hybrid perovskite material must match with that of the solar spectrum in order to efficiently 

harvest the solar energy. Nonetheless, for a hybrid perovskite material with an energy 

bandgap that is too narrow, a collection of additional current is demonstrated by perovskite 

solar cell devices but with significantly low open-circuit voltage (VOC). Conversely, for 

hybrid perovskite material with an energy bandgap that is too wide (2 eV), only a small 

portion of the solar energy can be harvested. Therefore, a hybrid perovskite material with an 

energy bandgap of around 1.4 – 1.6 eV is suitable for the development of single junction 

solar cell devices [53]. Thus, the NiCuZn hybrid perovskite thin film materials explored in 

this study have demonstrated a potential for application in single-junction solar cells owing to 

their narrow energy bandgap of ~1.55 eV and good material crystallinity observed in 

structural studies (i.e. 78.41%, 67.84% and 81.08% for CH3NH3PbI3•Ni, CH3NH3PbI3•Cu 

and CH3NH3PbI3•Zn, respectively). It has been reported in literature that the energy bandgap 

of hybrid perovskite materials can be narrowed through (i) increasing the in-plane M – I – M 

bond angle (via octahedral distortions), (ii) increasing the dimensionality of the MI(X)6 

network, and (iii) decreasing the electronegativity of the anions [54]. All hybrid perovskite 

thin film materials prepared in this study utilized methylammonium as the organic cation A. 

This organic cation A in the hybrid perovskite compound ABX3 (where A = organic cation, B 

= metal and X = halide anions) plays a role of maintaining charge neutrality [55] of the whole 

hybrid perovskite crystal lattice. The size of an organic cation A has an impact on the optical, 

electronic and structural properties of hybrid perovskite material [5]. It has been reported in 

literature that the expansion and compression of the whole crystal lattice is dependent upon 

the size of organic cation A. The energy bandgap can be tuned by altering the B – X bond 

length and it can also be attained through a careful variation of the size of the organic cation 

that fits the between the corner sharing B – X octahedral [56,57]. New perovskite materials 
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synthesized by altering the organic cation A in ABX3 halide compound have been explored. 

It was found that hybrid perovskite materials synthesized utilizing a larger ethylammonium 

cation demonstrated more widening of energy bandgap owing to 2H-type structural 

rearrangement as results of ethylammonium cation not being able to maintain a 3D tetragonal 

structure of perovskite crystal lattice [58]; however, the utilization of slightly larger 

formamidinum organic cation blended with methylammonium demonstrated better results for 

tuning the energy bandgap without perturbing the principal tetragonal hybrid perovskite 

crystal structure. Formamidinium lead iodide perovskite attained a narrower energy bandgap 

of 1.48 eV in comparison to 1.57 eV attained by methylammonium lead iodide [5]. 

Furthermore, the tuning of energy bandgap without perturbing the principal tetragonal crystal 

structure of the hybrid perovskite material was attained through the partial replacement of 

methylammonium with a smaller inorganic alkali metal cation, i.e. Cesium (Cs). The 

improvement in power conversion efficiency of hybrid perovskite was attained by narrowing 

the energy bandgap (improved light absorption across the solar spectrum) coupled with good 

material crystallinity [59]. In this study, all compounds utilized methylammonim as the 

organic cation A and this explains why there was no significant impact observed on the 

lattice parameters and the crystallite (grain) size. Hence, there was no significant impact on 

the energy bandgap observed (i.e. all compounds had an energy bandgap of ~1.55 eV). 

Moreover, all compounds utilized iodine as the halide anion indicating that the 

electronegativity of the halide anion was kept constant and hence there was no impact 

observed on the energy bandgap. 

Photoluminescence studies exhibited slight redshift emissions (from 775 nm to   ~780 nm for 

pure tetragonal CH3NH3PbI3 and transition metal doped CH3NH3PbI3•Ni/Cu/Zn perovskite 

thin films, respectively) induced by Ni, Cu and Zn. This redshift effect was not pronounced in 

the absorption studies. Nonetheless, the minor redshift in emissions could be attributed to 
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fewer (reduced) defect states in the bulk [60]. The photoluminescence emission is typically 

interrelated to the recombination channel connected to the energy bandgap and trap state. The 

slight red shift emissions observed for NiCuZn doped hybrid perovskite thin films 

demonstrate that the transition metal dopants promote the removal of structural defects and 

reduce the trap density around the band edge, which could decrease the recombination loss 

and as a result improve the collection of photocurrent by the solar cell device. 

Photoluminescence studies further revealed the quenching effect induced by Ni and Cu which 

was attributed by the imposed micro strain and structural defects in the perovskite thin film 

materials, i.e. CH3NH3PbI3•Ni and CH3NH3PbI3•Cu. However, for Zn doped thin film 

materials CH3NH3PbI3•Zn, a reverse effect was observed, Zn dopant advanced the radiative 

recombination emission which was exhibited in higher photoluminescence emission intensity 

as the Zn content was increased from 1 to 10%. These results were attributed to relaxed 

micro-strain; lower degree of structural imperfections and higher crystallinity (~81.08% on 

average) induced by Zn dopant. The improvement of crystallinity quality heightens the 

optical transition oscillation [61] and advances the photoluminescence emissions.  

 

4.2.4 Microscopic analysis by High Resolution Scanning Electron Microscopy (HR-

SEM)  

The surface morphology and thin films quality of all the perovskite thin films deposited on 

ITO glass substrates were studied by HR-SEM technique. In this study, hybrid perovskite 

thin films were prepared via two step spin-coat deposition technique reported by Xiao et al. 

[62]. Firstly, the metal halides; PbI2, NiI2, CuI and ZnI2, dissolved in 8 mg/mL terephthalic 

acid (TPA)-dimethylformamide (DMF) were spin coated and annealed at 100℃ on ITO glass 

substrates. Secondly, CH3NH3I was deposited on top of the metal halides, spin coated and 
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annealed at 70℃ to yield hybrid perovskite thin films; CH3NH3PbI3, CH3NH3PbI3•Ni, 

CH3NH3PbI3•Cu and CH3NH3PbI3•Zn. The terephthalic acid additive was utilized to stabilize 

the perovskite thin film materials from deterioration (degradation) upon exposure to air 

(oxygen) and humidity. The addition of terephthalic acid was inspired by the work reported 

by X. Hou et al. for the construction of efficient and stable perovskites via interconnecting 

perovskite grains [63]. The thin films preparation route was the same for all the compounds, 

the only varying factor was the addition of transition metal dopants; Ni, Cu and Zn at 

different concentrations (i.e. 1, 5 and 10%). So, the evolution of morphology will be 

discussed based on the impact of TPA additive as well as the variation and the concentration 

of transition metal dopants.  

Figure 4.19: Top view HR-SEM images of pure tetragonal CH3NH3PbI3 perovskite thin-

films (a) morphology and (a’) surface coverage. 

 

The top view HR-SEM images of the pure tetragonal CH3NH3PbI3 perovskite thin-films are 

illustrated in Figure 4.19 above. An interesting morphology was observed for the pristine 

(un-doped) tetragonal CH3NH3PbI3. The gathering of TPA molecule in the vicinity of hybrid 

(a) (a’) 
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perovskite grain boundaries was observed and this was due to the rigidity property produced 

by the benzene ring in the TPA molecule. The TPA gathered at the vicinity of hybrid 

perovskite grain boundaries act a support template [62] and promote the perovskite 

nucleation with lateral growth in perovskite grain boundaries since the heterogeneous 

nucleation can reduce the nucleation free-energy hindrance in the grain boundaries [64]. The 

rich nucleation positions produced by the TPA molecule advance the growth of bar-shaped 

bridges which morphs into small sheet-shaped grains and some underneath hybrid perovskite 

grains are unified into interconnected hybrid perovskite communities (see Figure 4.19 (a)). 

This observation was in agreement with the findings of X. Hou et al. [63]. 

A poor ITO surface coverage by thin film was observed in image (a’). There were pinholes 

present in thin film which were revealed at higher magnifications of 10 µm (insert is 1 µm). 

The result of pinholes (cracks) can be attributed to dust particles on the surface of the ITO 

glass substrates. An advanced cleaning method (vacuum plasma cleaning method) is required 

for better ITO surface coverage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (a’) 1% Ni 1% Ni 
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Figure 4.20: Top view HR-SEM images of Ni doped CH3NH3PbI3•Ni perovskite thin films; 

CH3NH3PbI3•1%Ni (a), CH3NH3PbI3•5%Ni (b) and CH3NH3PbI3•10%Ni (c). 

The evolution of Ni doped CH3NH3PbI3•Ni perovskite thin films morphology is illustrated by 

top view HR-SEM images above. The small sheet-shaped perovskite grains were also 

observed at the vicinity of the hybrid perovskite grain boundaries at magnifications of 200 

nm for CH3NH3PbI3•1%Ni and CH3NH3PbI3•5% the vicinity of the hybrid perovskite grain 

boundaries for CH3NH3PbI3•10%Ni as it was observed on pure tetragonal CH3NH3PbI3, 

CH3NH3PbI3•1%Ni and CH3NH3PbI3•5%Ni, see Figure 4.20 (c). This observation 

 

  

5% Ni 5% Ni 

10% Ni 10% Ni 

(b) (b’) 

(c) (c’) 
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demonstrates that the Ni dopant at 10% concentration suppressed the assembly of TPA 

molecule in the vicinity of the perovskite grains during CH3NH3PbI3•10%Ni thin film 

materialization. Ni as seen from HR-SEM micrograph images; i.e. Figure 4.20 (a) and (b). 

However, no small sheet-shaped grains were observed at Nonetheless, the materialized 

hybrid perovskite grains for CH3NH3PbI3•10%Ni thin film demonstrated high degree of 

interconnectedness between the crystal grains boundaries as there were no cracks (defects) 

observed. This observation further explains the slight red-shift in absorption (from 800 to 811 

nm, see Figure 4.16 (a)) that was observed for CH3NH3PbI3•10%Ni thin film which was 

ascribed to the absence of smaller grains in the vicinity of the hybrid perovskite grain 

boundaries (i.e. only the underneath bigger grains  absorbed across the solar spectrum). It has 

been reported in literature that bigger perovskite grains with fewer bulk defects, less 

scattering of grain boundaries and advance crystallinity yield the corresponding solar cell 

device with higher power conversion efficiency [38,60,65]. 

 

 

 
 

(a) 1% Cu (a’) 1% Cu 
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Figure 4.21: Top view HR-SEM images of Cu doped CH3NH3PbI3•Cu perovskite thin films; 

CH3NH3PbI3•1%Cu (a), CH3NH3PbI3•5%Cu (b) and CH3NH3PbI3•10%Cu (c). 

The evolution of Cu doped CH3NH3PbI3•Cu perovskite thin films morphology is illustrated 

by top view HR-SEM images above. There were no small sheet-shaped grains observed at the 

vicinity of hybrid perovskite grain boundaries for all CH3NH3PbI3•Cu thin films as it was 

observed for pure tetragonal CH3NH3PbI3, CH3NH3PbI3•1%Ni and CH3NH3PbI3•5%Ni. This 

observation demonstrates that the Cu dopant suppressed the assembly of TPA molecule in the 

  

  

(b) 5% Cu (b’) 5% Cu 

Cu 

(c) 10% Cu (c’) 10% Cu 
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vicinity of the perovskite grains during CH3NH3PbI3•Cu thin films materialization. These 

grains exhibited excessive amount of defects as the Cu content was increased from 1 to 10% 

and they were also not tightly interconnected to each other signifying a high degree of 

dislocation density (structural defects) and micro-strain imposed by Cu content on the thin 

films. This observation was in agreement with the results observed in Figure 4.6 (b) and 

Figure 4.8 (b); micro-strain started to increase as the Cu content increased to 10% and the 

dislocation density (structural defects) increased as the Cu content increased from 1 to 10%. 

A coarse CH3NH3PbI3•10%Cu thin film with a lot of small unreacted and recrystallized CuI 

reagent surrounding the original/underneath hybrid perovskite grains was observed, see 

Figure 4.21 (c). This observation explains a slight blue-shift in absorption and emission 

observed for CH3NH3PbI3•10%Cu in Figure 4.17 (a) and (e) (i.e. a layer of CuI crystals 

surrounding the original hybrid perovskite grains affected the absorption and emission of 

CH3NH3PbI3•10%Cu). This observation also explains the suppression of radiative 

recombination dynamics (quenching effect) exhibited under photoluminescence studies for 

Cu doped CH3NH3PbI3•Cu perovskite thin films, see Figure 4.17 (f). 
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Figure 4.22: Top view HR-SEM images of Zn doped CH3NH3PbI3•Zn perovskite thin films; 

CH3NH3PbI3•1%Zn (a), CH3NH3PbI3•5%Zn (b) and CH3NH3PbI3•10%Zn (c). 

The evolution of Zn doped CH3NH3PbI3•Zn perovskite thin films morphology is illustrated 

by top view HR-SEM images above. A layer of smaller hybrid perovskite grains was 

observed at the vicinity of the perovskite grain boundaries at magnifications of 200 nm for 

CH3NH3PbI3•1%Zn and CH3NH3PbI3•5%Zn as seen from HR-SEM micrograph images; i.e. 

Figure 4.22 (a) and (b). The formation of these small perovskite grains is attributed to the 
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excessive nucleation sites of TPA additive, further demonstrating the TPA molecules to 

easily segregate in the vicinity of hybrid perovskite grain boundaries. However, this layer 

was not observed at the vicinity of the hybrid perovskite grain boundaries for 

CH3NH3PbI3•10%Ni, see Figure 4.22 (c). This observation also demonstrates that the Zn 

dopant at 10% concentration suppressed the assembly of TPA molecules in the vicinity of the 

perovskite grains during CH3NH3PbI3•10%Zn thin film materialization. Nonetheless, the 

materialized hybrid perovskite grains for CH3NH3PbI3•10%Zn thin film demonstrated 

interconnectedness between the crystal grains boundaries with few cracks (defects). This 

observation further explains the slight red-shift in photoluminescence emission (from 782 to 

784 nm, see Figure 4.18 (e)) that was observed for CH3NH3PbI3•10%Zn thin film which was 

ascribed to the absence of smaller grains in the vicinity of the hybrid perovskite grain 

boundaries.  

One of the main challenges affecting the capability of researchers to develop high efficiency 

solar cell devices has been morphology control and crystallization of hybrid perovskite thin 

films in planar architecture [25,66,67]. It has been reported in literature that hybrid perovskite 

thin films with outstanding uniformity and big crystal sizes can be attained via meticulous 

control of the nucleation and growth processes [37]. Additionally, it has been demonstrated 

by many studies that bigger hybrid perovskite grains can decrease the interfacial area that 

impedes the collection of charge carriers. Bigger hybrid perovskite grains also exhibit fewer 

bulk defects and superior mobilities, thereby promoting higher collection of photo-generated 

charge carriers [60,68].  

Despite the great attainments in advancing the crystallization process to obtain high-quality 

hybrid perovskite thin films with uniform morphology and big grain size through integrating 

additives into the perovskite structure, most reported studies are dedicated to the molecular 

cross-link or chelation with hybrid perovskite to enlarge the hybrid perovskite grain size and 
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smoothen the morphology of hybrid perovskite thin film [69–72]. The uncovered hybrid 

perovskite grains remain a main scientific problem to attain advance-performing and durable 

hybrid perovskite solar cells since the exposed grains are extremely vulnerable to moisture 

and oxygen [73,74]. Terephthalic acid (TPA) additive used in this study was integrated into 

metal halide precursors; PbI2, NiI2, CuI & ZnI2, during hybrid perovskite thin films 

preparation employing two-step deposition technique to remedy the uncovered grain 

boundaries. In the TPA molecule, the inflexible benzene ring is connected to two carboxyl 

groups at 1,4-symmetrical position. Owing to its inflexibility properties and the strong 𝜋 − 𝜋 

bonds, the benzene ring has a high cohesive energy [75] in comparison to other additives 

previously reported in literature, which promote the assembly of TPA molecules at the 

vicinity of grain boundaries and grain surface during hybrid perovskite thin film 

materialization. The TPA gathered at the vicinity of hybrid perovskite grain boundaries act as 

a support template [62] and promote the perovskite nucleation with lateral growth in 

perovskite grain boundaries since the heterogeneous nucleation can reduce the nucleation 

free-energy hindrance in the grain boundaries [64]. The rich nucleation positions produced by 

the TPA molecule advance the growth of bar-shaped bridges which morphs into small sheet-

shaped grains and some underneath hybrid perovskite grains are unified into interconnected 

hybrid perovskite communities. At the same time, the ion migration of hybrid perovskite can 

be repressed by the strong matching between the I
-
 anion and the hydrogen bonds of hydroxyl 

groups in TPA, resulting in perovskite solar cell devices exhibiting advance photovoltaic 

performance with strong moisture resistance and thermal stability. 
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4.2.5 Microscopic analysis by Atomic Force Microscopy (AFM) 

The surface topography (i.e. surface roughness) for all the perovskite thin films under 

investigation was evaluated utilising the Atomic Force Microscopy (AFM). Similar to HR-

SEM studies, the evolution of surface topography will be discussed based on the content and 

variation of the transition metal dopants; Ni, Cu, and Zn. 

Figure: 4.23: Top view AFM images of pure tetragonal CH3NH3PbI3 perovskite thin-film, 

1D (a) and 3D (a’) representation. 

The AFM image of pure tetragonal CH3NH3PbI3 is given above. The calculated root mean 

square roughness for the thin film was 113 nm, determined using nanoscope software. This 

roughness value will be utilised as a point of reference for the evaluation of the impact of 

transition metal dopants; Ni, Cu, and Zn, on the surface topography (roughness) of perovskite 

thin films. 

 

(a) (a’) 
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(a) 
(a’) 

(b) (b’) 

(c) (c’) 

Figure: 4.24: Top view AFM images of Ni doped CH3NH3PbI3•Ni perovskite thin films; 

CH3NH3PbI3•1%Ni (a), CH3NH3PbI3•5%Ni (b) and CH3NH3PbI3•10%Ni (c). 
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The evolution of Ni doped CH3NH3PbI3•Ni perovskite thin films surface topography 

(roughness) is illustrated above by 1D and 3D views. The calculated root mean square 

roughness for CH3NH3PbI3•1%Ni, CH3NH3PbI3•5%Ni, CH3NH3PbI3•10%Ni were 

determined to be 111, 99.7 and105 nm using nanoscope software, respectively. These values 

were lower than that of the pure tetragonal CH3NH3PbI3 (113 nm) perovskite thin film 

demonstrating that Ni dopants generally decreased the surface roughness of the perovskite 

thin films. The CH3NH3PbI3•10%Ni exhibited the lowest surface roughness. This was in 

agreement with the top view HR-SEM results obtained in Figure 4.20 (c) which 

demonstrated that the Ni dopant at 10% concentration suppressed the assembly of TPA 

molecule in the vicinity of the perovskite grains during CH3NH3PbI3•10%Ni thin film 

materialization. This observation further explains the slight red-shift in absorption (from 800 

to 811 nm, see Figure 4.16 (a)) that was observed for CH3NH3PbI3•10%Ni thin film which 

was ascribed to the absence of smaller grains in the vicinity (hence the lowest surface 

roughness) of the hybrid perovskite grain boundaries (i.e. only the underneath bigger grains 

absorbed across the solar spectrum).  

 

(a) (a’) 1% Cu 1% Cu 
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The evolution of Cu doped CH3NH3PbI3•Cu perovskite thin films surface topography 

(roughness) is illustrated above by 1D and 3D views. The calculated root mean square 

roughness for CH3NH3PbI3•1%Cu, CH3NH3PbI3•5%Cu, CH3NH3PbI3•10%Cu were 

calculated to be 177, 289 and331 nm using nanoscope software, respectively. These values 

were higher than that of the pure tetragonal CH3NH3PbI3 (113 nm) and Ni doped 

(b) (b’) 

(c) (c’) 

5% Cu 5% Cu 

10% Cu 10% Cu 

Figure: 4.25: Top view AFM images of Cu doped CH3NH3PbI3•Cu perovskite thin films; 

CH3NH3PbI3•1%Cu (a), CH3NH3PbI3•5%Cu (b) and CH3NH3PbI3•10%Cu (c). 
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CH3NH3PbI3•Ni (from 99 to 111 nm) perovskite thin films, respectively. These results 

demonstrated that Cu dopants increased the surface roughness of the perovskite thin films 

attributed to the surface defects (pink coloured grains) observed on the surface of the films, 

see Figure 4.25. This observation was in agreement with the HR-SEM results illustrated in 

Figure 4.21. Coarse CH3NH3PbI3•Cu thin films with unreacted and recrystallized CuI 

reagent surrounding the original/underneath hybrid perovskite grains were observed, hence a 

tremendous increase in surface roughness. This observation; significant increase in surface 

roughness as the concentration of Cu dopant increased from 1 to 10%, explains a slight blue-

shift in absorption and emission observed for CH3NH3PbI3•10%Cu in Figure 4.17 (a) and (e) 

(i.e. a layer of CuI crystals surrounding the original hybrid perovskite grains affected the 

absorption and emission of CH3NH3PbI3•10%Cu). This observation also explains the 

suppression of radiative recombination dynamics (quenching effect) exhibited under 

photoluminescence studies for Cu doped CH3NH3PbI3•Cu perovskite thin films, see Figure 

4.17 (f), owing to high degree of surface roughness. 

 

 

(a) 1% Zn (a’) 1% Zn 
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The evolution of Zn doped CH3NH3PbI3•Zn perovskite thin films surface topography 

(roughness) is illustrated above by 1D and 3D views. The calculated root mean square 

roughness for CH3NH3PbI3•1%Zn, CH3NH3PbI3•5%Zn, CH3NH3PbI3•10%Zn were 

determined to be 90.40, 79.10 and 83.60 nm using nanoscope software, respectively. These 

(b) (b’) 5% Zn 5% Zn 

(c) 10% Zn 10% Zn (c’) 

Figure: 4.26: Top view AFM images of Zn doped CH3NH3PbI3•Zn perovskite thin films; 

CH3NH3PbI3•1%Zn (a), CH3NH3PbI3•5%Zn (b) and CH3NH3PbI3•10%Zn (c). 
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values were the lowest compared to that of the pure tetragonal CH3NH3PbI3 (113 nm), Ni 

doped CH3NH3PbI3•Ni (from 99 to 111 nm), and Cu doped CH3NH3PbI3•Cu (from 177 to 

331 nm) hybrid perovskite thin films, respectively. These results demonstrated that Zn 

dopants reduced the surface roughness of the perovskite thin films which resulted in more 

compact (dense) thin films. This was also in agreement with the HR-SEM results illustrated 

in Figure 4.22. A layer of small perovskite grains at the vicinity of the hybrid perovskite 

grains was not observed for CH3NH3PbI3•10%Ni, see Figure 4.22 (c), hence the thin film 

exhibited the lowest surface roughness of 83.60 nm. This observation further explains the 

slight red-shift in photoluminescence emission (from 782 to 784 nm, see Figure 4.18 (e)) that 

was observed for CH3NH3PbI3•10%Zn thin film which was ascribed to the absence of smaller 

grains (confirmed by the lowest surface roughness of 83.60 nm) in the vicinity of the hybrid 

perovskite grain boundaries. Moreover, the low surface roughness observed for 

CH3NH3PbI3•Zn thin films (relatively compact thin films) correlated very well with the 

observed relaxation of micro-strain and dislocation density as the Zn content was increased 

from 1 to 10%, see Figure 4.6 (c) and Figure 4.8 (c), and with the observed highest degree of 

crystallinity (81.08%) as seen from Table 4.11. Hence, higher radiative recombination 

emissions were observed for CH3NH3PbI3•Zn hybrid perovskite thin films [44], making the 

Zn dopant the best candidate amongst Ni, Cu, & Zn for Pb substitution in CH3NH3PbI3. 
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4.3 DEVELOPMENT OF CZGSe-KESTERITE SOLAR CELLS 

4.3.1 Stack Order and Reactive Annealing Pressure Variations 

4.3.1.1 Raman spectroscopy analysis 

Raman spectroscopy is a powerful characterization technique to study the molecular 

symmetry and chemical bonding properties of materials. Raman shifts are caused by the 

vibration of chemical bonding, and different chemical bonding have different force constants, 

which produces characteristic signals. The Raman spectra at an excitation wavelength of 532 

nm for CZGeSe absorbers with stack order; Mo/Cu(4nm, for 20s)/Zn/Cu/Ge (A) and 

Mo/Zn/Cu/Ge (B), synthesized at different reactive annealing pressures of; 700 mbar and 

1bar, for comparisons are illustrated in Figure 4.27.  

 

 

 

 

 

 

 

 

 

Figure 4.27: Raman spectra at an excitation wavelength of 532 nm for CZGSe thin films 

prepared at different annealing pressures; 700 mbar and 1bar. 
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The Raman spectra for the stack order Mo/Cu/Zn/Ge (C) were not included because the 

absorbers were damaged during wet-chemical bath etching/passivation stage in NH4S (22% 

v/v, Alfar-Aesar, for 2 min). This observation demonstrated that the stack order 

Mo/Cu/Zn/Ge (C) was not ideal for the synthesis of CZGSe absorber material and 

consequently it was not further explored going forward with optimization experiments. The 

stack orders; Mo/Cu(4 nm, for 20s)/Zn/Cu/Ge (A) and Mo/Zn/Cu/Ge (B), are essentially 

similar, the only difference is a thin layer of Cu (4 nm, for 20s) deposited before Zn. The 

intense raman shifts at around 180 cm
-1

 and 206 cm
-1

 confirmed the pure germanium kesterite 

phase CZGSe phase formation, which are very close to the characteristic raman peak 

positions of pure tin kesterite CZTSe phase located at 172, 195, 234 cm
-1

 [18]. The ZnSe 

secondary phases on the surface of the CZGeSe were confirmed at 250 and 400 cm
-1

 [76] and 

they were not pronounced with a green excitation wavelength of 532 nm. The best 

wavelength for the detection of ZnSe secondary phases is at 442 nm (blue wavelength) [77–

80]. Both absorbers at different pressure conditions demonstrated good crystalline quality 

observed by sharp peaks for CZGSe pure phase. 

 

4.3.1.2 High Resolution Scanning Electron Microscopy (HR-SEM) analysis 

The HR-SEM cross-sectional area images were taken to evaluate the CZGSe grains quality 

and the contact between the absorber and the Mo-back contact interface. HR-SEM cross 

sectional area micrographs revealed that all the absorbers from different precursor stack 

orders under investigation at different pressure conditions exhibit a bilayer structure.  

Adequate quality of grains was observed towards the near surface of the absorber.  The best 

precursor that gave the best quality of well-defined grains near the absorber surface was 

observed to be the one; Mo/Cu(4 nm, for 20s)/Zn/Cu/Ge (A). In this particular precursor-
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stack order; a thin layer of Cu was first deposited for 20 s before depositing the Zn layer. The 

stack order: Mo/Cu(4 nm, for 20s)/Zn/Cu/Ge (A) prepared at 1bar exhibited better grain 

quality near the absorber surface when compared to the precursor Mo/Zn/Cu/Ge (B) 

(prepared at 1 bar). 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

(b) CZGSe (A) at 700 mbar (a) CZGSe (A) at 1 bar 

(c) CZGSe (B) at 1 bar 

 

(d) CZGSe (B) at 700 mbar 

 

Figure 4.28: HR-SEM images (cross sectional area) for CZGSe devices prepared at 700 mbar 

and 1 bar.  
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From the cross sectional area micrographs images above it was concluded that the precursor 

stack-order does play a role in the quality of the absorber and Mo/Cu(4nm, for 

20s)/Zn/Cu/Ge was considered to be the optimal precursor stack-order. From the results, it 

was also observed that the pressure at which the reactive annealing process is performed does 

play a role in the quality of the absorber and based on the cross sectional area micrograph 

images above, the optimum pressure for reactive selenization process was considered to be at 

1 bar.  The subsequent optimization experiments were thus performed employing the 

Mo/Cu(4 nm, for 20s)/Zn/Cu/Ge precursor stack-order at a pressure of 1 bar.  A layer of 

voids was observed between the Mo back-contact and the absorber itself which leads to lack 

of adhesion on the Mo-back contact as seen in Figure 4.28. These voids could be due to the 

formation of volatile species during reactive selenization process at high temperatures. A thin 

layer of Sn was introduced between CZTS and the Mo back-contact region as a strategy to 

improve the adhesion by Kim et al. [81]. This achievement was ascribed to the lessening of 

ZnSe secondary phases. Yin et al. [82] revealed using nano-indentation that kesterites 

containing S exhibit improved adhesion to the Mo back-contact region than the pure Se 

kesterites, which is likely associated to the distinct mechanical properties of S and Se.  

 

4.3.1.3 Photovoltaic performances of solar cell devices 

After doing the Raman and HR-SEM cross sectional area analyses to investigate the optimal 

precursor stack-order and reactive annealing pressure, the ultimate task that followed was to 

investigate the impact on photovoltaic performance from these two factors (i.e., precursor 

stack order and reactive annealing pressure, i.e., at 700 mbar and 1bar).  The results for the 

photovoltaic performance of different precursor stack-orders at different pressure conditions, 

i.e., 700 mbar and 1 bar are summarized in Table 4.17 and Table 4.18. 
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Table 4.17. Record efficiencies for best performing devices annealed at 1bar. 

Device Eff.% VOC(mV) JSC(mA/cm
2
) FF. % 

CZGSe (A) 5.0 564.53 17.60 50.53 

CZGSe (B) 2.76 440.00 13.74 45.00 

 

From Table 4.17 it is observed that the device fabricated from the absorber prepared from the 

precursor stack-order Mo/Cu(4 nm, for 20s)/Zn/Cu/Ge annealed at pressure 1 bar exhibited 

good photovoltaic performance by attaining 5.0% power conversion efficiency, 564.53 mV 

open circuit voltage, 17.60 mA/cm
2
 short-circuit current density and a fill factor of 50.53%.   

A remarkable advancement in the open circuit voltage of 564.53 mV was significant when 

compared to the previously reported value of 558 mV in literature by Leo Choubrac et al. 

[83] attained by extensive CdS buffer layer optimization studies. M Buffier et al. [84]  

reported a low power conversion efficiency of 0.3% with the corresponding JSC = 3.4 

mA/cm
2
, VOC = 253 mV and FF = 32%, employing Mo/Cu/Zn/Ge precursor stack order 

annealed at 460℃ at a pressure of 1 bar in H2Se environment. In M Buffier et al. [84] study, 

the Ge layer was deposited using e-beam evaporation technique in contrast to this study 

whereby the Ge layer was deposited by sputtering technique and the reactive selenization was 

carried out in Se+GeSe2 environment.   This achievement was attributed to better quality of 

grains towards the surface of the absorber which is demonstrated by the HR-SEM cross 

sectional area micrographs illustrated in Figure 4.28 (a).  This further suggests that the 

formation of the kesterite phase initially occurs at the Cu rich region as seen for the CZGSe 

(A) with precursor 

stack order: Mo/Cu(4 nm, for 20s)/Zn/Cu/Ge where Cu is deposited second to the top Ge 

layer.  
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Table 4.18.  Record efficiencies for best performing devices annealed at 700 mbar. 

Device Eff.% VOC(mV) JSC(mA/cm
2
) FF.% 

CZGSe (A) 1.17 270.00 11.25 38.17 

CZGSe (B) 4.19 537.00 13.89 54.17 

 

A significant drop in photovoltaic performance of the device fabricated from Mo/Cu(4 nm, 

for 20s)/Zn/Cu/Ge annealed at a pressure of 700 mbar was observed.  This observation 

demonstrated that indeed the pressure during reactive selenization process plays a vital role in 

the absorber quality which will have an ultimate effect on the optoelectronic properties of the 

solar cell devices.  In conclusion, the precursor stack-order Mo/Cu(4 nm, for 20s)/Zn/Cu/Ge 

annealed at a pressure of 1 bar yielded the optimal absorber and these conditions were 

employed in optimization experiments that followed. 

 

Figure 4.29: Record photovoltaic parameters of the best performing device (a) and external 

quantum efficiency (EQE) (b) for CZGSe (A).  

The external quantum efficiency on the right elucidates that the origin of the improved open 

circuit voltage VOC is found in the shorter wavelength range (~900 nm in comparison to 
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~1300 nm for CZTSe) related to the collection of charge carriers from regions deep within 

the absorber. The optical energy bandgap of CZGSe was determined from the external 

quantum efficiency (EQE) utilizing a fitting plot of [𝐸 ln ln(1 − 𝐸𝑄𝐸)]2 vs. E (E = hc/λ, 

where h is the Plank’s constant, c is the speed of light, and λ is the wavelength of the light) 

which also agree to the method used in the literature [85–87].The optical energy bandgap was 

determined to be 1.42 eV ascribed to the improvement in open circuit voltage VOC = 564.3 

mV for the best performing device; CZGSe (A). This value of optical energy bandgap 

obtained in this study for pure germanium kesterite absorber CZGSe (1.42 eV) is consistent 

with theoretical and experimental results previously reported in literature [86,88,89].  . 

Studies have demonstrated that the energy bandgap of solar cell devices based on 

chalcogenides provide advance absorption properties in contrast to silicon based solar cells 

[90]. Moreover, the energy bandgap of the kesterite absorber can be optimized as per solar 

spectrum by either metal or chalcogenide substitutions [91]. Literature has also reported that 

the production of kesterite solar cells on module scale could be attained with direct energy 

bandgap chalcogenide thin film photovoltaics (PVs) with advance absorption properties in 

contrast to silicon based thin film PVs [92,93]. The earth-abundant, environmentally benign 

and economical CZTS based solar cells provide advance absorption coefficient ~ 10
4
 cm

-1
 

and the capability to modulate the optical energy bandgap from 1.0 to 1.5 eV achieved by 

incorporating elemental Se to better complement the solar energy spectrum [91,94,95].  

The VOC deficit was determined from the equation below; 

                           𝑉𝑂𝐶deficit (mV) =  
𝐸𝑔
𝑞⁄ − 𝑉𝑂𝐶(mV)                                                        (10) 

where Eg the energy bandgap, q is the electron charge and 𝑉𝑂𝐶  is the open circuit voltage.  

The 𝑉𝑂𝐶  deficit for CZGSe (A) based solar cell was determined to be 563.64 mV. This value 
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demonstrates significant improvement in comparison to the value reported for advance 

efficiency (11.1%) solar cell based on CZTSSe [93]. The VOC deficit is essentially the voltage 

loss defined as the difference between the energy bandgap the open circuit voltage of the 

solar cell device. For high efficiency CIGS and CdTe solar cells, voltage losses of < 400mV 

are attainable. The best performing kesterite devices exhibit voltage losses (VOC deficit) of 

around 550 – 600 mV [96]. Hence the value obtained in this study for the best performing 

device CZGSe (A) at 1bar is acceptable. The origin of VOC deficit has been largely connected 

to potential fluctuation in kesterite absorber structure resulting in the reduction of the 

fundamental gap of the material and/or energy bandgap fluctuations (band tailing) [97–99]. 

Some of the plausible causes for the VOC deficit often mentioned in literature include high 

defects concentration in the bulk and interfaces of the kesterite absorber (see Figure 4.28, the 

defects between Mo back contact and the CZGSe interface), elemental/compositional non-

uniformities within the kesterite absorber and the unavoidable co-existence of several 

secondary phases (.i.e. ZnSe in this study) along with the kesterite absorber (CZGSe in this 

study) [99–101].  

 

4.3.2 Annealing Temperature Variation Studies 

4.3.2.1 X-ray Fluorescence Analysis 

The purpose of XRF measurements was to confirm the desired thickness of Cu, Zn and Ge 

layers to attain a Cu-poor and Zn-rich regime while keeping the Ge content constant as 

already outlined in experimental details (see chapter 3).  The deposited layers Cu (~200 nm), 

Zn (~160 nm) and Ge (~200 nm) resulted in the desired ration Cu/Zn = 1.60 for the Cu-poor 

and Zn-rich regime Cu1.8Zn1.2GeSe4 under investigation as shown in Table 4.19. 
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 Table 4.19.  XRF measurements of the CZGSe precursor. 

Compound Cu(nm) Zn(nm) Cu/Zn Ge(nm) 

CZGSe 206 168 1.60 219 

   

In these optimization experiments, the XRF measurements of the absorber samples after 

reactive selenization processes (at different annealing temperatures) were taken for 

quantitative determination of chemical composition and the results are shown in Table 4.20.  

Table 4.20.  XRF measurements of CZGSe absorber after reactive selenization. 

Temp (ºC) Cu(%) Zn(%) Ge(%) Se(%) 

500 23.37 14.00 16.44 46.19 

525 22.41 13.41 15.26 48.92 

535 21.97 13.43 15.14 49.46 

550 22.11 13.48 14.97 49.44 

 

It was observed that as the reactive annealing temperature was increased from 500 to 550 ºC, 

there was a loss of Ge content from 16.44% to 14.97% and there was more inclusion of Se 

content into the absorber material from 46.19% to 49.44%, as seen in Figure 4.30 (a) and 

(b). 
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Figure 4.30: Ge content as a function of temperature (a). Se content as a function of 

temperature (b). 

 

This observation can be explained by taking into consideration the Ge-Se phase diagram. 

Based on the reactive annealing profile followed in these experiments (𝑃 = 1 bar, 𝑇 =

500, 525, 535 𝑎𝑛𝑑 550℃), the Ge precursor layer is expected to form Ge3Se7 phase which 

melts incongruently at 385℃ and decays into GeSe2 (volatile phase) and Se-rich liquid phase 

(≈ 85% at% Se) [102]. These liquid phases promote crystal growth which elucidate the 

observed enlargement of grains towards the surface by HR-SEM cross-sectional area, see 

Figure 4.33. Since GeSe2 is a volatile phase, its formation will consequently lead to a loss in 

Ge content (see Figure 4.30 (a)), analogous to the reported Sn loss in CZTSe kesterite 

absorber [103]. The crystallization growth promoted by liquid phase Ge and the observed loss 

in Ge content can be elucidated by the proposed reaction below; 

              3Ge(s) + 7/2Se2(g) ↔ Ge3Se7(s) → GeSe2(g) + GexSeγ(l) (~85 at.%Se)            (11) 
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The formation of the Ge-Se volatile phase (GeSe2) and the rich Se liquid phase that promote 

the CZGSe absorber crystallization growth are outlined by the proposed reaction in equation 

(11) [19]. 

 

4.3.2.2 Raman spectroscopy analysis 

The raman spectra of CZGSe samples annealed at different temperatures confirmed the 

presence of the pure germanium kesterite CZGSe phase at 85.93, 148.73, 176.29, 205.1, 

269.65, and 282.94 cm
-1

 which are very close to those of CZTSe phase [104] and ZnSe 

secondary phases at 250.84 cm
-1

 (1
st
 order ZnSe) and 397.8, 449.34, 503.18 cm

-1
 (2

nd
 order 

ZnSe) [76] as shown in Figure 4.31 below.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.31: Raman spectra near the absorber CZGSe surface samples prepared at different 

temperatures (500, 525, 535 and 550 ºC) at 442 nm excitation wavelength. 
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The sharp Raman peaks indicated good crystalline quality of the CZGSe absorbers. The high 

degree of crystallinity was attributed to GexSey (~85% Se) liquid phase that acts as a 

crystallization flux agent during thermal annealing treatment [19]. The presence of ZnSe 

secondary phases has recently been reported to have a potential to degrade the overall 

photovoltaic performance of kesterite solar cells [105–107]. In all CZGSe samples, high 

content of ZnSe secondary phases was pronounced implying that NH4S solution doesn’t 

actually wash away or eliminate the ZnSe secondary phases.  The effective removal of ZnSe 

secondary phases has been proposed by adapting an oxidation path utilizing KMnO4/H2SO4 

followed by rinsing of a kesterite absorber in a Na2S solution [108]. These results (presence 

of ZnSe on the surface of CZGSe absorbers) called for the optimization experiments that 

followed in section 4.3.3 which involve chemical bath etching (CBE) studies with different 

solutions. 

 

4.3.2.3 High Resolution Scanning Electron Microscopy (HR-SEM) analysis 

The HR-SEM cross-sectional area micrographs were taken to evaluate the impact of the 

annealing temperature on the quality of the absorber and the interface between Mo and 

CZGSe absorber. As seen from Figure 4.32 and 4.33, the morphology of the absorber cross-

sectional area still exhibit bilayer structural behaviour with an adequate quality of grains 

(enlarged grains with high degree of crystallinity) observed towards the near surface of the 

absorber. The enlarged grains observed towards the surface of the absorber is attributed 

to GexSeγ(l) (~85 at.%Se) liquid phase that promotes crystallization growth during thermal 

treatment as already mentioned in section 4.3.2.1. A layer of voids and blisters was also 

observed between the Mo-back contact and the CZGSe absorber interface.   
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Figure 4.32:  HR-SEM cross sectional area micrographs for CZGSe absorber annealed at 500 

ºC. 

Solar cell devices fabricated from the absorber annealed at 500 ºC did not work.  This could 

be due to enlarged density of voids and blisters formed at the Mo back-contact and the 

CZGSe absorber interface as shown in Figure 4.32 above. This observation further 

demonstrates that this layer has detrimental effects on the operation and photovoltaic 

performance of CZGSe solar cell devices as already mentioned in section 4.3.1.2. The 

formations of volatile species which result to issues on the Mo back-contact region (.i.e. poor 

adhesion and the development of voids) remain an inherent challenge in the preparation of 

kesterite solar cell devices. A thin layer of Sn was introduced at the back region between the 

Mo back-contact and the CZTS absorber film to advance the adhesion at the interface [81]. 

The advanced adhesion was ascribed to the lessening of ZnSe secondary phases. Yin et al. 

500 ºC 500 ºC 

500 ºC 
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[82] used nano-indentation to advance the adhesion of kesterite absorbers to Mo back-contact 

and the results demonstrated that the S-containing kesterites show improved adhesion to Mo 

back-contact in comparison to the pure Se kesterites, attributed to the distinct mechanical 

properties of S & Se chalcogenides. Hence a poor adhesion was observed in this study for 

pure selenide kesterite absorber CZGSe to the Mo back-contact.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.33:  HR-SEM cross sectional area micrographs for CZGSe absorbers annealed at 

500, 525, 535 and 5500 ºC. 

Malerba et al. published a study investigating the blistering result of the CZTS absorber films 

synthesised via co-sputtering deposition of precursors which was then followed by thermal 
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treatment [109]. The study revealed that the probability of the development of blisters is 

strongly connected to the pressure applied during co-sputtering; it can be significantly 

condensed at high pressures. The presence of voids at the Mo back region has been one of the 

challenges encountered in the preparation of kesterite solar cells. This challenge was 

encountered for both sulphide and selenide based kesterite absorber materials synthesized 

employing physical routes [107,110,111]. Research has clearly demonstrated that the density 

of voids mainly depends on parameters used during kesterite synthesis which include thermal 

annealing conditions [112,113] and the precursor stacking order followed regarding 

sequential co-sputtering technique [114]. The cause of the growth of these detrimental voids 

is still not clear but it is estimated to be connected to the stress at the Mo back region, the 

volatile species related to Sn (Ge in this study, .i.e. GeSe2(g) volatile phase that forms during 

thermal treatment) and the probable disintegration of kesterite absorbers in physical contact 

with Mo back-contact and/or low wetting properties of Cu on Mo during thermal treatment. 

In the past several years of research, some appealing technological resolutions have been 

recommended to repress the growth of voids at the Mo back-contact region and most of these 

resolutions depend on the utilization of an interlayer comprising of oxides [107], nitrides 

[115] and different metals [116] and they have demonstrated advances on both the 

morphology and the photovoltaic performance of the resultant solar cell devices. An 

interesting observation regarding the growth of voids at the Mo back-contact region has been 

reported; lamella samples prepared employing focused ion beam (FIB) [19,111,117] exhibit 

voids at the back-contact region. The authors ascribed the origin of voids development to the 

use of FIB technique, not the process of kesterite absorber film preparation itself, since the 

FIB technique can preferably sputter Zn and ZnX (X = S or Se).  
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4.3.2.4 Impact of the annealing temperature on the photovoltaic parameters 

The results for the impact of the reactive annealing temperature on the photovoltaic 

parameters are summarized in Table 4.21.  The parameters for the solar cell device of the 

precursor annealed at 500 ºC are not included because the absorber did not survive the NH4S 

etching (the absorber peeled off from Mo back-contact surface).    In Table 4.21, only the 

record power conversion efficiencies are reported.  It was observed that as the reactive 

annealing temperature was elevated from 525 to 550 ºC, the photovoltaic parameters also 

advanced and this could be attributed to the improvements observed in crystallinity (enlarged 

grains towards the surface) demonstrated by HR-SEM results above, see Figure 4.33. 

Table 4.21. Record efficiencies of the devices annealed at different temperatures. 

Device Eff.% VOC (mV) JSC(mA/cm
2
) FF.% 

525 ºC 3.18 452.50 14.97 47.08 

535 ºC 3.80 550.86 14.66 47.03 

550 ºC 5.00 567.94 17.18 51.17 

 

The highest record power conversion efficiency, open circuit voltage, short circuit current 

density and the fill factor attained in these experiments was still in the range of 5.00%, 560 

mV, 17 mA/cm
2
 and 51%, respectively.  This observation demonstrated that more factors on 

the optimization of the absorber and the overall solar cell device had to be taken into account.  

Nonetheless, these experiments demonstrated that the reactive annealing temperature thus 

have an effect on the photovoltaic performance of the CZGSe kesterite solar cell devices.  An 

increase in all the parameters was observed; VOC increased from 452.50 to567.94 mV, JSC 

increased from 14.97 to 17.18 mA/cm
2
, FF increased from 47.08 to 51.17% and the power 

conversion efficiency increased from 3.18 to 5.00%. A noticeable advancement in open 
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circuit voltage of ~568.00 mV in comparison to the previous experiments (stack order and 

reactive annealing pressure variations, see section 4.3.1) where the highest attained open 

circuit voltage of ~565 mV was also observed.   

 

 

 

Figure 4.34: Record photovoltaic parameters of the best two performing devices (a) and 

external quantum efficiency (EQE) (b). 

Kesterite solar cells based on pure selenide CZTSe absorber have recently demonstrated 

power conversion efficiency beyond 11% with an open circuit voltage of 423 mV [118]. The 

improvement in open circuit voltage of ~568.00 mV (attained without optimization of CdS 

buffer layer) in this study for pure selenide CZGSe absorber was significant when compared 

to 423 mV value and the previously reported value of 558 mV in literature by L. Choubrac et 

al. [83] attained through extensive CdS buffer layer optimization studies. The ZnSe 

secondary phases observed from Raman analysis and a bi-layer structure with voids between 

the Mo back-contact and the pure selenide CZGSe absorber interface remain a hurdle in 

improving the photovoltaic performance of the kesterite absorber prepared from the precursor 

with stack order; Mo/Cu(4nm, for20s)/Zn/Cu/Ge under investigation, indicating that more 
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optimization experiments had to be carried out. Generally, advance power conversion 

efficiencies are reported for kesterite absorber materials with Se-rich sulfo-selenide 

composition, which commonly result in advance open circuit voltage VOC. This emphasizes 

the significance to ascertain and decrease voltage losses (lower the VOC deficit) for these 

absorber materials [119,120]. Graphical representation of the highest performing devices is 

illustrated in Figure 4.34.  The external quantum efficiency (EQE) of the devices also 

demonstrated that the reactive annealing temperature had an impact on the photo-physical 

properties of the absorber as the area under the curve slightly expanded, demonstrating that 

more photons were harvested for the precursor annealed at a very high temperature of 550 ºC 

and this correlated with the record parameters of the highest performing solar cell device. 

 

4.3.3 Chemical Bath Etching (CBE) studies with different solutions 

Based on the phase diagram of  Cu2Se−ZnSe−GeSe2 system [121], the growth of ZnSe binary 

phase (which are detrimental secondary phases) could be attributed  to Zn over-stoichiometry 

(in Cu-poor and Zn-rich CZGSe regime followed in this study, see XRF results in section 

4.3.3.1) and/or to the unfinished reaction between binary/ternary phases to materialize the 

quaternary compound. The photovoltaic performance gap between CZTS and CIGS solar 

cells [122–124] is ascribed to the growth of secondary phases, vacancies, antisites and self-

compensating defect complexes in CZTS together with carrier recombination processes at 

different interfaces which have a negative impact on the power conversion efficiency of the 

CZTS solar cells. The aim of these experiments was to explore different solutions prepared 

under different conditions as an attempt to completely eliminate the ZnSe secondary from the 

surface of the CZGSe absorber. 
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4.3.3.1 X-ray Fluorescence Analysis 

The XFR measurements of the CZGSe absorber after reactive selenization stage (thermal 

treatment in Se + GeSe2 environment), .i.e. before CBE stage, are given in Table 4.22 below. 

Table 4.22. XRF measurements of the CZGSe absorber post reactive selenization. 

Thickness (µm) Cu (%) Zn (%) Ge (%) Se (%) Cu/(Zn+Ge) Zn/Ge Cu/Zn Cu/Ge 

1.341 17.19 14.16 11.39 57.26 0.67 1.24 1.21 1.51 

 

The following etching solutions were used to wash away the ZnSe secondary phases and the 

results are given Table 4.23; 

Cell A: NH4S (22% v/v, Alfa-Aesar, for 2 min) + KCN (0.01 M for 40s) 

Cell B: NH4S (22% v/v, Alfa-Aesar, for 2 min) 

Cell C: HCl (5% at 80℃ for 40s) 

Cell D: [KMnO4 (0.01 M) + H2SO4 (1M)] for 40 s + NH4S (22% v/v, Alfa-Aesar, for 2 min) 

 

The optimum compositions [125–127] for the advance performing CZTSe kesterite solar cell 

devices have a Cu/(Zn+Sn) ratio around 0.7 – 0.9 and a Zn/Sn ratio around 1.1 – 1.25. This 

composition was adapted in this study for CZGSe absorber with Cu/(Zn+Ge) ratio around 

0.67 and a Zn/Ge around 1.24, see Table 4.22. This Cu-poor and Zn-rich off-stoichiometry 

regime (Cu1.8Zn1.2GeSe4 in this study) unsurprisingly lead to the growth (formation) of 

secondary phases, most probably ZnSe [128], which is an n-type semiconductor with a wide 

energy bandgap of 2.71 eV [129].  
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Table 4.23. XRF measurements of the CZGSe absorber post CBE stage. 

Thickness (nm) Cu (%) Zn(%) Ge(%) Se(%) Cu/(Zn+Ge) Zn/Ge Cu/Zn Cu/Ge 

Cell A: 1290 18.50 15.04 9.78 56.68 0.75 1.54 1.23 1.89 

Cell B: 1295 18.18 14.83 9.83 57.17 0.74 1.51 1.23 1.85 

Cell C: 1317 17.63 14.38 9.78 58.20 0.73 1.47 1.23 1.80 

Cell D: 1283 18.03 13.46 9.85 58.60 0.77 1.37 1.34 1.83 

 

A noticeable decrease in Ge content from ~11% (post reactive selenization .i.e. prior CBE 

stage) to 9% (post CBE stage) was observed as seen from Table 4.22 and 4.23.  This 

observation indicated that GeSe2 (Alfa-Aesar powder, 99.999%) that is used to compensate 

for the loss of Ge content after reactive selenization is not actually a suitable candidate for 

that purpose.  It is then assumed that after reactive selenization there is still GeSe2 (solid 

powder) distributed on the surface of the CZGSe absorber but not actually incorporated into 

the absorber itself.  This observation is also substantiated by an increase observed in Zn/Ge 

ratio from ~1.2 (prior CBE stage) to ~1.5 (post CBE stage) and also by an increase in Cu/Ge 

ration from ~1.5 (prior CBE stage) to ~1.8 (post CBE stage).    

 

4.3.3.2 Raman spectroscopy analysis 

Raman spectroscopy is an indispensable characterization technique employed in detecting the 

secondary phases in the CZTS or CZTS-Se (CZGSe in this study) absorber films since it not 

sensitive to long range order [130–134]. The lattice strain and the probable lattice distortions 

in the kesterite crystal structure can be estimated by careful examination of the peak shift. 

Raman spectroscopy is also a non-destructive technique employed to analyse the detrimental 

secondary phases in kesterite absorbers. Nevertheless, in most cases only information about 

the surface of the absorber film can be provided by Raman. Surface etching is needed in the 
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event when signals are acquired for the bulk into the sample. For each phase to be accurately 

identified, the optical penetration depth and resonant scattering needs to be determined first. 

The detrimental secondary phases in polycrystalline CZTS absorber films synthesized by 

sulfurization of stacked metallic layers deposited by dc magnetron sputtering technique was 

reported by Fernandes et al. [135]. In this study, the CZGSe absorber films were probed 

utilizing a blue excitation wavelength (λ = 442 nm) after CBE stage and the results are shown 

in Figure 4.35.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.35: Raman spectra of CZGSe absorbers post CBE stage at an excitation wavelength 

of 442 nm. 

 

The green excitation wavelength (λ = 532 nm) is utilized for identifying kesterite phases and 

Cu(S,Se) secondary phases, while the blue (λ = 458 nm) and the red (λ = 785 nm) are suitable 

for the identification of ZnSe and ZnS, respectively [77–80]. Hence in this study a blue 

excitation wavelength (λ = 442 nm) was employed for the identification of ZnSe secondary 

phases. As shown from Figure 4.35, the presence of first and second order ZnSe secondary 
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phases was still identified with sharp peaks at 249 and 500 cm
-1

 [76], respectively, for 

CZGSe absorbers corresponding to Cell A, B and C, demonstrating that these routes did not 

eliminate the ZnSe secondary phases from the surface of the absorber. A significant decrease 

in the concentration of ZnSe secondary phases was observed for the CZGSe absorber 

corresponding to Cell D which was etched using acidic permanganate solution followed by  

ammonium sulphate solution; Cell D: [KMnO4 (0.01 M) + H2SO4 (1M)] for 40s + NH4S 

(22% v/v, Alfa-Aesar, for 2 min). This observation was in agreement that the effective 

removal of ZnSe secondary phases can be realized by adapting an oxidation path utilizing 

KMnO4/H2SO4 followed by rinsing of a kesterite absorber in a Na2S solution [108].  

 

 

4.3.3.3 High-Resolution Scanning Electron Microscopy (HR-SEM) analysis and 

Photovoltaic Performance 

The HR-SEM top view micrographs of CZGSe absorber etched following different routes are 

depicted in Figure 4.35. The HR-SEM top view micrograph images below firstly showed 

that different etching solutions have different effects on the surface of the CZGSe absorber 

material.  The absorber etched using potassium cyanide solution followed by an ammonium 

sulphate solution [KCN (0.1M) + (NH4)2S] did not show complete elimination of ZnSe 

secondary phases from the surface of the absorber.   However, this combination of solutions 

demonstrated better effect compared to the absorber etched using (NH4)2S solution only, as 

seen from Figure 4.36  (top right). This observation demonstrated that use of (NH4)2S does 

not wash away the ZnSe secondary phases at all.  The other etching route followed was the 

use of hydrochloric acid HCl (5%) at 80ºC which demonstrated undesired results as it is 

observed that the CZGSe absorber peeled off from the Mo back-contact (bottom left). This 
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route showed to be detrimental on the quality of the absorber and thus will ultimately have 

detrimental outcomes on the photovoltaic performance of the devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.36: HR-SEM top view micrographs for the CZGSe absorbers etched with different 

solutions (post CBE).   

The last etching route that was explored was using acidic permanganate solution followed by 

ammonium sulphate solution; Cell D: [KMnO4 (0.01 M) + H2SO4 (1M)] for 40s + NH4S 

(22% v/v, Alfa-Aesar, for 2 min). This route demonstrated better results without 

compromising the quality of the CZGSe absorber as observed in Figure 4.36   (bottom right) 

  

 
 

KCN + (NH4)2S (NH4)2S 

HCl (5% at 80℃) [KMnO4 + H2SO4] + (NH4)2S 
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and thus better photovoltaic performance was anticipated for the solar cell device fabricated 

from this absorber (Cell D).  The photovoltaic performances of the devices are summarized in 

Table 4.24 and Figure 4.37 below.  

Table 4.24. Photovoltaic parameters of CZGSe devices fabricated from absorbers etched 

with different solutions. 

Device Eff.% VOC(mV) JSC(mA/cm
2
) FF.% 

Cell A 0.33±0.49 111.17±15.65 8.07±1.55 28.24±3.28 

Cell B 0.62±0.61 202.22±17.00 8.58±1.36 29.33±5.14 

Cell C 1.61±0.88 354.45±154.57 9.63±3.70 39.88±4.62 

Cell D 1.99±1.27 253.17±172.84 10.90±1.83 34.60±6.80 

 

The CZGSe solar cell device (Cell D) fabricated from the absorber etched with: [KMnO4 

(0.01 M) + H2SO4 (1M)] for 40s + NH4S (22% v/v, Alfa-Aesar, for 2 min) showed high 

collection of current10.90±1.83 mA/cm
2
 compared to other devices.  The highest performing 

device was also from the this etching route which attained power conversion efficiency of 

3.70%, open circuit voltage of 567.27 mV, short circuit current density of 13.34 mA/cm
2
 and 

fill factor of 50.2%, see Figure 4.37 (a). A significant advance in VOC = 567.27 mV was still 

realized for CZGSe based solar devices developed in this study, and the photovoltaic 

parameters attained here are parallel to the highest values published in literature for CZTSe 

based solar cell devices [87,107,136,137].  The external quantum efficiency on the right also 

showed that the device fabricated from the absorber etched following [KMnO4 (0.01 M) + 

H2SO4 (1M)] for 40s + NH4S (22% v/v, Alfa-Aesar, for 2 min) route exhibited best carrier 

collections compared to other devices and this was confirmed by the bigger area under the 

blue EQE curve, see Figure 4.37 (b). This observation demonstrated that the presence of 

ZnSe secondary phases on the surface of CZGSe absorber affects the absorption properties 
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owing to the fact that ZnSe (2.7 eV) [129] has a higher energy bandgap than the CZGSe 

absorber (≈ 1.42 eV). Although the highest attained power conversion efficiency for the best 

performing CZGSe device (≈ 3.70%) was relatively small compared to the results reported 

for optimization experiments in section 4.3.1 and 4.3.2, these optimization studies 

demonstrated the effect of different etching routes utilized for the elimination of ZnSe 

secondary phases near the absorber surface and the impact on the photovoltaic performance 

of the solar devices. 

 

 

Figure 4.37:  Record photovoltaic parameters of the best performing devices (a) and external 

quantum efficiency (EQE) (b). 

The impact of ZnSe secondary phases in CZTSe kesterite solar cells has been reported in 

literature. The identification of ZnS at the back region of CZTS solar cells with power 

conversion efficiency of 8.4% [138] has been reported. However, the identification (location 

not specified) of ZnS in other solar cell devices corresponds with the 25% reduction in power 

conversion efficiency [139]. Moreover, the detrimental impact of ZnSe secondary phases on 

the surface of CZTS kesterite absorbers has also been reported [140]. A 50% upgrading in the 
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power conversion efficiency correlated to an increase in short-circuit current density JSC, 

open circuit voltage (VOC), and fill factor (FF) was realized after chemical etching in HCl 

(hence this route was explore in this study for CZGSe absorber). The direct correlations of 

ZnSe secondary phase (on the surface of the kesterite absorber) to the reduction of short-

circuit current density JSC has also been published in literature [141]. In these optimization 

experiments (CBE studies), the highest short circuit current JSC = 10.90±1.83 mA/cm
2
 (see 

Table 4.24) was attained for Cell D fabricated from a CZGSe absorber with low 

concentration of ZnSe secondary phases on the surface, see Figure 4.35 and 4.36. 

Furthermore, a comprehensive examination of the impact of ZnSe secondary connected to its 

location (back regions and surface) on the kesterite absorber was also explored [142,143]. 

The presence of ZnSe located at the back region showed to be less detrimental for the solar 

cell device photovoltaic performance in contrast to when located at the surface region of the 

kesterite absorber. Hence these experiments; chemical bath etching (CBE) studies with 

different solutions, were crucial in this study for the optimization of CZGSe absorber and the 

resultant solar cell devices. A significant dilapidation of VOC, JSC, and FF was reported ZnSe 

secondary phases located on the surface of the kesterite absorber. It was also observed and 

stated that the presence of ZnSe secondary phases on the surface of kesterite absorber 

obstruct the foundation good ohmic contact with the CdS buffer layer.  

It is clear from these studies that the successful elimination of secondary phases is essential to 

boost solar cell devices based on kesterite absorber; CZTS(e) (CZGSe in this study), in power 

conversion efficiency orientated commercialization contest. Only a few successful etching 

routes have been published for CZTS(e) kesterite absorbers. Etching only in deionized water 

(DIW) and in HCl [140] has demonstrated efficacy which was reflected in the power 

conversion efficiency for pure sulphur kesterite absorber; CZTS. The utilization of only 

bromine in methanol (Br2/MeOH) mixed with HCl together with an extended etching in KCN 
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(5%) is also published in literature [126]. The utilization of Br2/MeOH results in the 

reduction of Cu and Sn content at the surface of the kesterite absorber, showing selective 

elimination of a Cu-Sn-Se (CTSe) secondary phase; the utilization of HCl decreases the Zn 

content, connected to the elimination of ZnSe secondary phases. Nevertheless, an 

insignificant boost in power conversion efficiency is realized, rarely 0.5% is realized after 

etching with KCN (5%), the main boost is observed in the open circuit voltage VOC. There is 

still no strong substantiation for the complete elimination of ZnSe secondary phases in pure-

Se or rich-Se kesterite-based solar cell devices (CZGSe solar cell devices developed in this 

study) having a major effect on power conversion efficiency of the solar cell device. Hence 

even for the device Cell D: [KMnO4 (0.01 M) + H2SO4 (1M)] for 40s + NH4S (22% v/v, 

Alfa-Aesar, for 2 min) in this study, the presence of ZnSe on CZGSe absorber surface could 

still be identified, see the top-view HR-SEM micrograph in Figure 4.36 (bottom left). 

Remarkably, these solar cell devices (Se-pure or Se-rich kesterite-based devices) have the 

supreme power conversion efficiencies in the kesterites family [87,93]. The utilization of 

oxidizing agents to eliminate (etch) and lessen the ZnSe surface has been extensively 

reported in literature [144–146]. Detrimental residuals form on the surface of the kesterite 

absorber after treatment with oxidizing agents in acidic medium (KMnO4/H2SO4); this is why 

a further chemical treatment (NH4S (22% v/v, Alfa-Aesar, for 2 min)) is carried out as seen 

for the solar cell device: Cell D: [KMnO4 (0.01 M) + H2SO4 (1M)] for 40s + NH4S (22% v/v, 

Alfa-Aesar, for 2 min). The elimination of these residual phases is carried out in aqueous 

solutions of CS2 [146] or (NH4)2S [144] (utilized in this study for Cell D). The improvement 

in photovoltaic performance for Cell D in comparison to other cells (A, B and C) is attributed 

to an improved p–n junction between the CZGSe absorber/CdS buffer layer interface (owing 

to low concentration of ZnSe secondary phases) in agreement with some results already 

reported in literature [143]. 
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4.3.4 CdS buffer layer optimization  

The utilization of elemental germanium as a surface dopant to improve the photovoltaic 

performance of solar cells based on tin-kesterite absorbers CZTSSe by improving the p-

CZTSSe/n-CdS interface [117] has been demonstrated in many of the recent studies.  This 

observation has also been made when few nanometers of germanium are deposited onto Mo 

back-contact preceding the CZTSSe absorber growth. A specific optimization of CdS buffer 

layer is therefore critical for the upgrading of photovoltaic performance since the absorber 

(CZGSe in this study)/CdS interface govern the working of the kesterite solar cell devices 

[147,148]. In the work reported by L. Choubrac et al. [83], the CdS chemical bath deposition 

(CBD) was optimized by investigating the impact of the bath temperature and the dipping 

time. The best photovoltaic performance for CZGSe based devices; Eff = 7.6%, VOC = 558 

mV, JSC = 22.8 mAcm
-2

, and FF = 60%, was attained at a temperature  𝑇 = 52℃ and dipping 

time of 𝑡 = 5min. This performance was attributed to enriched CZGSe absorber coverage by 

CdS buffer layer and the optimal CdS thickness enough for advance p-CZGSe/n-CdS 

interface quality. So, these CBD parameters; 𝑇 = 52℃ and 𝑡 = 5min, were adapted in this 

optimization route as a strategy to improve the photovoltaic performance of CZGSe based 

solar cell devices developed in this study. The experimental details of this part of 

optimization studies are given in chapter 3. It was observed in the study reported by L. 

Choubrac et al. [83] that as the dipping time was extended to 7 min; there was a minimal 

deficit in current density attributed to the blue-shift in the absorption by the CdS buffer layer. 

This observation demonstrated that there was a significant degradation in p-CZGSe/n-CdS 

interface as the dipping time was extended to 7 min and beyond. This interface degradation 

was induced by the change in physico-chemical characteristics of the CdS buffer layer which 

is caused by the growth of ion-ion and cluster-cluster as the dipping duration is stretched 

beyond 7 min. The formation of these clusters on the CdS buffer layer has a detrimental 
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impact on the operation and the overall photovoltaic performance of the kesterite solar cell 

device hence these experiments were essential in developing optimal CZGSe based kesterite 

solar cell devices in this study. 

 

4.3.4.1 XRF measurements 

After thermal treatment (reactive selenization in Se + GeSe2 environment), the Cu-poor and 

Zn-rich composition for Cu1.8Zn1.2GeSe4 regime was confirmed with XRF measurements in 

Table 4.25 with Cu/(Zn + Ge) = 0.67, Cu/Zn = 1.21 and Zn/Ge = 1.24.    

 

Table 4.25. XRF measurements of the CZGSe absorber prior chemical bath etching (CBE). 

Thickness (nm) Cu (%) Zn (%) Ge (%) Se (%) Cu/(Zn + Ge) Zn/Ge Cu/Zn Cu/Ge 

1341 17.19 14.16 11.39 57.26 0.67 1.24 1.21 1.51 

 

This Cu-poor and Zn-rich off-stoichiometry (Cu1.8Zn1.2GeSe4 regime in this study) 

unsurprisingly leads to the growth (formation) of secondary phases during reactive 

selenization process at high temperature (535℃), most probably ZnSe [128]. The following 

etching solutions were used to wash away the ZnSe secondary phases and the results are 

given in Table 4.26; 

Cell E: (NH4)2S (22% v/v, Alfa-Aesar, for 2 min) and         

Cell F: [KMnO4 (0.1M) + H2SO4 (1M)] for 40s + (NH4)2S (22% v/v, Alfa-Aesar, for 2 min). 
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Table 4.26. XRF measurements of the CZGSe absorbers post chemical bath etching (CBE). 

Thickness (nm) Cu (%) Zn (%) Ge (%) Se (%) Cu/(Zn + Ge) Zn/Ge Cu/Zn Cu/Ge 

Cell E:1298 17.71 14.41 9.72 58.16 0.73 1.48 1.23 1.82 

Cell F: 1278 18.19 14.59 9.78 57.45 0.75 1.49 1.25 1.86 

 

A noticeable decrease in Ge content from ~11% (after reactive selenization .i.e. prior CBE 

stage) to ~9% (post CBE stage) was again observed as seen from Table 4.25 and 4.26.  This 

observation further demonstrated that GeSe2 (Alfa-Aesar powder, 99.999%) that is used to 

compensate for the loss of Ge content after reactive selenization is not actually a suitable 

candidate for that purpose.  It is then assumed that after reactive selenization there is still 

GeSe2 (solid powder) distributed on the surface of the CZGSe absorber but not actually 

incorporated into the absorber itself.  This observation is also substantiated by an increase 

observed in Zn/Ge ratio from ~1.2 (prior CBE stage) to ~1.5 (post CBE stage) and also by an 

increase in Cu/Ge ration from ~1.5 (prior CBE stage) to ~1.8 (post CBE stage).  The two 

CBE routes were followed to further demonstrate the passivating capacity of the 

permanganate solution in acidic medium; KMnO4/H2SO4, in contrast to the sulphate solution; 

(NH4)2S. 
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4.3.4.2 Photovoltaic performance measurements 

The photovoltaic performances of the devices are summarized in Table 4.27 and Figure 4.38 

below.   

Table 4.27. Photovoltaic parameters of CZGSe devices fabricated with the optimized CdS 

buffer layer. 

Devices Eff.% VOC(mV) JSC(mA/cm
2
) FF.% 

Cell E 1.72±0.88 353.52±17 10.88±3.04 40.38±3.57 

Cell F 3.08±1.56 427.99±177 13.18±1.50 44.16±9.31 

 

The results show noticeable improvements in the photovoltaic parameters when compared to 

the results obtained in the previous optimization experiments where the optimal CdS buffer 

layer parameters where not adapted. 

  

 

Figure 4.38: Record photovoltaic parameters for the best performing CZGSe devices (a) and 

external quantum efficiency (EQE) (b). 
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For CdS optimized solar cell devices fabricated from CZGSe absorbers etched with Cell F: 

[KMnO4 (0.1M) + H2SO4 (1M)] for 40s + (NH4)2S (22% v/v, Alfa-Aesar, for 2 min); the 

devices attained an average power conversion efficiency of 3.08±1.56 %, open circuit voltage 

of 427.99±177 mV, short circuit current density of 13.18±1.50 mA/cm
2
, and fill factor of 

44.16±9.31% (Cell F, see Table 4.27) while devices with non-optimized CdS parameters 

(Cell D, see Table 4.24)  attained average power conversion efficiency of 1.99±1.27%, open 

circuit voltage of 253.17±17 mV, short circuit current density of 10.90±1.83 mA/cm
2
 and fill 

factor of 34.60±6.80%. The differences in these results are summarized in Table 4.28 for 

clarity. 

Table 4.28. Summary of photovoltaic parameters for CZGSe solar cell devices etched 

utilizing KMnO4/H2SO4 followed by (NH4)2S passivation route. 

Non-Optimized CdS buffer layer 

Device Eff.% VOC (mV) JSC (mA/cm
2
) FF.% 

Cell D 1.99±1.27 253.17±17 10.90±1.83 34.60±6.80 

Optimized CdS buffer layer 

Cell F 3.08±1.56 427.99±177 13.18±1.50 44.16±9.31 

 

A significant improvement in the photovoltaic parameters of CZGSe solar cell devices 

attributed to the optimized CdS buffer layer was confirmed by the results summarized in 

Table 4.28. These results show that indeed the optimization of the CdS buffer layer improves 

the p-CZGSe/n-CdS interface which governs the operation and the overall photovoltaic 

performance of the kesterite solar cell device [117,147,148]. The record photovoltaic 

parameters are given in Table 4.29 and the graphical representation is given in Figure 4.38. 
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Table 4.29. Summary of record photovoltaic parameters for CZGSe solar cell devices etched 

utilizing KMnO4/H2SO4 followed by (NH4)2S passivation route. 

Non-Optimized CdS buffer layer 

Device Eff.% VOC (mV) JSC (mA/cm
2
) FF.% 

Cell D 3.70 567.27 13.34 50.20 

Optimized CdS buffer layer 

Cell F 4.46 592.66 14.19 53.12 

 

A striking record open circuit voltage of 592.66 mV was observed for Cell F (optimized CdS 

buffer layer) transcending 558 mV attained by L. Choubrac et al. [83] (also with optimized 

CdS buffer layer). This was a remarkable achievement in this study. The external quantum 

efficiency on the right also showed that the solar cell device fabricated from the absorber 

etched following: [KMnO4 (0.1M) + H2SO4 (1M)] for 40s + (NH4)2S (22% v/v, Alfa-Aesar, 

for 2 min) route exhibited best carrier collections compared to the device fabricated from 

absorber etched following: (NH4)2S (22% v/v, Alfa-Aesar, for 2 min) solution only and this 

was confirmed by the noticeable huge area under the black EQE curve (see Figure 4.38 (b)). 

The observed improvements were attributed to the passivation effect of the KMnO4/H2SO4 

oxidizing solution that results in low concentration of ZnSe secondary phases as well as the 

lower concentration of CdS clusters owing to the optimal CdS buffer layer parameters 

adapted in these studies [83].  
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CHAPTER 5 

 

Conclusive summary and recommendations 

5.1 GENERAL CONCLUSIONS 

5.1.1 NiCuZn hybrid perovskite thin films 

In this study, air-stable hybrid perovskite thin films incorporating earth abundant and non-

toxic transition metals which include Ni, Cu & Zn; CH3NH3PbI3•Ni, CH3NH3PbI3•Cu & 

CH3NH3PbI3•Zn,  were prepared following a two-step solution deposition technique to 

address the issue of eco-toxicity posed by metal Pb and the poor stability against air (oxygen) 

and humidity (moisture). The terephthalic acid (TPA) additive was utilized to stabilize the 

perovskite thin film materials from deterioration (degradation) upon exposure to air (oxygen) 

and humidity. XPS measurements; wide scan survey and high resolution core level spectra, 

confirmed the elemental composition of all the materials under investigation. The Pb4f and 

I3d doublets displaying spin-orbit splitting into Pb4f5/2 & Pb4f7/2 and I3d5/2 & I3d3/2 were 

confirmed by high resolution core level spectra in all thin film materials. The C1s and N1s 

signals were also confirmed to exist on the surface of all the thin films. High resolution core 

level XPS measurements also demonstrated the presence of transitions metal dopants; Ni, Cu, 

& Zn, the Ni2P doublet displaying spin-orbit splitting into Ni2P1/2 & Ni2P3/2 was observed, 

the Cu2P doublet displaying spin-orbit splitting into Cu2P1/2 & Cu2P3/2 was observed and 

Zn2P1/2 was also observed. From the XPS measurements, the successful incorporation of the 

transition metal dopants; Ni, Cu & Zn, into the perovskite crystal structure was confirmed. 
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All hybrid perovskite thin films materials in this study confirmed a pure perovskite phase in 

the tetragonal crystal system without a significant impact on the lattice parameters and space 

group. The preferential orientation of prominent peaks was illustrated towards (110), (112), 

(211), (202), (220), (310), (312), (224), and (314) which perfectly fits the pure phase 

tetragonal crystal system (space group I4/mcm) with lattice parameters; a = b = 8.8390 Å, c = 

12.6950 Å, α = β = γ = 90º,  (Volume of cell (10
^
6 pm

^
3): 991.83). The strong diffraction 

peaks observed at crystal planes of (110) and (220) confirmed the formation of pure 

tetragonal perovskite crystal structure. The lattice parameters were determined to be a = b = 

8.865Å and c = 12.6950Å which compared very well with the ones reported in literature for 

pure tetragonal perovskite CH3NH3PbI3 with I4/mcm space group. The crystallite sizes for all 

thin films materials under investigation were determined to be CH3NH3PbI3 (33.71 nm), 

CH3NH3PbI3•Ni (32 to 36 nm), CH3NH3PbI3•Cu (32 to 37 nm) and CH3NH3PbI3•Zn (35 to 

42 nm).    This shows that the transition metals Ni, Cu and Zn did not significantly shrink or 

expand the crystal structure of the traditional pure phase CH3NH3PbI3 perovskite. This was 

ascribed to the unvarying size of organic cation A in the hybrid perovskite compound ABX3 

(where A = organic cation, B = metal and X = halide anions). It has been reported in 

literature that the expansion and compression of the whole crystal lattice is dependent upon 

the size of organic cation A. In this study, all thin film compounds utilized methylammonium 

as the organic cation A and this explains why there was no significant impact observed on the 

lattice parameters and the crystallite (grain) size. On average; the degree of crystallinity for 

CH3NH3PbI3, CH3NH3PbI3•Ni, CH3NH3PbI3•Cu and CH3NH3PbI3•Zn were determined to be 

75.30%, 78.41%, 67.84% and 81.08%, respectively. Ni
2+

 and Zn
2+

 doped perovskites 

demonstrated an improved crystallinity property which is beneficial for optimum 

photovoltaic cell performance. XRD analysis also revealed that the two-step solution 

deposition technique employed in this study resulted in strained (micro-strain) hybrid 
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perovskite thin films with structural imperfections also known as dislocation density which 

are detrimental for the stability, optical properties and ultimately the photovoltaic 

performance of hybrid perovskite solar cells. The relaxation of micro-strain which resulted in 

reduced defect concentration (dislocation density) was largely observed for Zn doped hybrid 

perovskite thin films CH3NH3PbI3•Zn. Therefore, CH3NH3PbI3•Zn thin films showed better 

potential/capacity for improved intrinsic stability, superior hole extraction capacity at the 

perovskite/hole transport layer boundary, increased carrier mobility and ultimately advanced 

photovoltaic performance. 

Optical studies by UV-vis spectroscopy have demonstrated that the transition metal doped 

perovskite thin films largely absorb in the same range as the pure tetragonal CH3NH3PbI3 (i.e. 

from ultra violet visible region (~550 nm) to near infrared region (~800 nm) of the solar 

spectrum) as seen from the results and these absorptions resulted in energy bandgaps (i.e. 

1.55 eV) virtually equal to the one reported in literature for pure tetragonal CH3NH3PbI3 

perovskite thin film. In this study, all thin film compounds utilized methylammonium as the 

organic cation A and this explains why there was no significant impact observed on the 

lattice parameters (the B – X bond length was not altered) and the crystallite (grain) size (i.e. 

crystallite sizes were in close proximity to one another). Hence, there was no significant 

impact on the energy bandgap observed (i.e. all compounds had an energy bandgap of ~1.55 

eV). Moreover, all compounds utilized iodine as the halide anion indicating that the 

electronegativity of the halide anion was kept constant and hence there was no impact 

observed on the energy bandgap. Thus, the NiCuZn hybrid perovskite thin film materials 

explored in this study have demonstrated a potential for application in single-junction solar 

cells owing to their narrow energy bandgap of ~1.55 eV. 

 Photoluminescence (PL) studies demonstrated slight redshift emissions (from 775 nm to 

~780 nm for pure tetragonal CH3NH3PbI3 and transition metal doped CH3NH3PbI3•Ni/Cu/Zn 
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perovskite thin films, respectively). Photoluminescence studies further revealed the 

quenching effect induced by Ni and Cu which was attributed to imposed micro strain and 

dislocation density (structural defects) in the perovskite thin film materials, i.e. 

CH3NH3PbI3•Ni and CH3NH3PbI3•Cu. However, for Zn doped thin film materials 

CH3NH3PbI3•Zn, a reverse effect was observed, Zn dopant advanced the radiative 

recombination emissions which was exhibited in higher photoluminescence emission 

intensity as the Zn content was increased from 1 to 10%. These results were attributed to 

relaxed micro-strain and lower degree of structural imperfections induced by Zn. 

The evolution of surface morphology for all perovskite thin films was studied using HR-SEM 

technique. An interesting morphology was observed for the pristine (un-doped) tetragonal 

CH3NH3PbI3. A layer of small sheet-shaped perovskite grains was observed at the vicinity of 

the hybrid perovskite grain boundaries at 200 nm magnifications. This morphology was 

attributed to the rich nucleation positions produced by the TPA molecule gathered at the 

vicinity of the hybrid perovskite grains which enhances the growth of bar-shaped bridges that 

morphs into small sheet-shaped perovskite grains. The underneath hybrid perovskite grains 

unified into interconnected hybrid perovskite communities. This morphology was in 

agreement with the morphology observed in the study reported in literature for the 

construction of efficient and stable perovskites via interconnecting perovskite grains. 

Nevertheless, it was observed that Ni and Zn dopants at 10% concentration suppressed the 

growth of sheet-shaped perovskite grains at the vicinity of CH3NH3PbI3•10%Ni and 

CH3NH3PbI3•10%Zn thin films, respectively. The materialized hybrid perovskite grains for 

CH3NH3PbI3•10%Ni thin film demonstrated high degree of interconnectedness between the 

crystal grains boundaries as there were no cracks (defects) observed and only few defects 

were observed for CH3NH3PbI3•10%Zn thin film. The layer of small sheet-shaped perovskite 

grains (relatively wider energy bandgap) at the vicinity of hybrid perovskite grains affected 
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the absorptions and photoluminescence emissions; slight redshift absorptions and 

photoluminescence emissions were observed for CH3NH3PbI3•10%Ni and 

CH3NH3PbI3•10%Zn thin films due to the absence of these small sheet-shaped perovskite 

grains, respectively. On the other hand, Cu doped thin films CH3NH3PbI3•Cu exhibited 

undesirable morphology of excessive amount of surface defects as the Cu content was 

increased from 1 to 10% suggesting a high degree of dislocation density (structural defects) 

and micro-strain imposed by Cu content on the thin films. A coarse CH3NH3PbI3•10%Cu thin 

film with a lot of small unreacted and recrystallized CuI reagent surrounding the 

original/underneath hybrid perovskite grains was observed. The CH3NH3PbI3•Cu thin films 

morphology explained the observed slight blue-shift in absorptions and photoluminescence 

emissions attributed to the excessive amount of surface defects imposed by Cu dopant.  The 

AFM results obtained in this study correlated with the HR-SEM results. Reduced surface 

roughness was observed for thin films devoid of a layer of small sheet-shaped perovskite 

grains at the vicinity of hybrid perovskite grain boundaries; i.e. CH3NH3PbI3•10%Ni and 

CH3NH3PbI3•10%Zn, respectively. AFM results revealed that the Cu dopant resulted in 

CH3NH3PbI3•Cu hybrid perovskite thin films with drastically heightened surface roughness 

attributed to the surface defects (also observed in top-view HR-SEM images), see Figure 

4.21 and Figure 4.24. AFM also revealed that the Zn dopant produced relatively more 

compact (dense) CH3NH3PbI3•Zn hybrid perovskite thin films. The experimental results 

obtained in this study demonstrated that Zn doped CH3NH3PbI3•Zn hybrid perovskite thin 

films exhibited high crystallinity quality, reduced micro-strain and dislocation density 

(structural defects) as well as improved surface morphology corroborated by relatively 

compact (dense) surface topography. As a result, intense radiative recombination emissions 

(good for photovoltaic applications) were observed for CH3NH3PbI3•Zn thin films, 

positioning Zn dopant as the best candidate amongst Ni and Cu for Pb-substitution in the 
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traditional CH3NH3PbI3. This study contributes substantially to the ongoing research in quest 

for non-toxic (environmentally benign) and air stable hybrid perovskite thin film materials for 

photovoltaic applications.  

 

5.1.2 Development of CZGSe kesterite solar cells 

Cu2ZnSn(S,Se)4 (CZTSSe) kesterite absorber materials have emerged as potential candidates 

for earth abundant and non-toxic photovoltaics with great prospects for long-term 

sustainability in the arena of solar cell technology. However, the low open circuit voltage has 

been the main limitation for advance photovoltaic performance of the current CZTSSe 

kesterite solar cells in comparison to other solar cell technologies.  The energy bandgap of a 

given semiconductor material is the main limitation for its open circuit voltage.  The voltage 

loss is an adequate measure for comparing different technologies with different energy 

bandgap values.  The voltage loss is defined as the difference between the energy bandgap 

potential and the open circuit voltage. Voltage losses of <400 mV can be attained for high 

efficiency CIGS and CdTe devices while the best kesterite devices can exhibit voltage losses 

around 550 – 600 mV. The remarkable beneficial impact demonstrated by nanometric Ge 

layers on the photovoltaic performance, especially on the open circuit voltage of sequentially 

processed Cu2ZnSnSe4 (CZTSe) solar cells has been reported recently. Moreover, the partial 

replacement of Sn atoms by Ge atoms has demonstrated advance absorber material quality 

for the kesterite crystal lattice.  

In this study, the development of pure germanium kesterite Cu1.2Zn1.8GeSe4 (CZGSe) solar 

cells was explored and it was inspired by the beneficial impacts demonstrated by nanometric 

layers of Ge (as well partial substitution of Sn atoms by Ge atoms) on photovoltaic 

performance (especially the open circuit voltage; VOC) and advance material quality of 
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CZTSe-based solar cells reported in literature. A sequential sputtering/co-sputtering two-step 

technique was employed to produce solar cells with Mo/p-CZGSe/n-CdS/i-ZnO:ITO 

architecture. HR-SEM cross-sectional area analyses demonstrated that the sequential 

deposition of the precursor stack order: Mo/Cu(4nm, for 20s)/Zn/Cu/Ge yielded the CZGSe 

kesterite grains with good quality. The overall cross-sectional areal morphology of the 

CZGSe absorber exhibited a bilayer structural behaviour with an adequate quality of grains 

(enlarged grains with high degree of crystallinity) observed towards the near surface of the 

absorber. The enlarged grains observed towards the surface of the absorber are attributed 

to GexSeγ(l) (~85 at.%Se) liquid phase (crystallization flux) that promotes crystallization 

growth during thermal treatment. The optimal annealing parameters; annealing temperature T 

= 535 ºC, dwelling time t = 15 min, pressure P = 1bar and 20 ºC/min heating rate yielded 

absorbers with good crystalline quality as demonstrated by the Raman measurements. The 

optimal CZGSe absorber (1.42 eV) produced in this study yielded a corresponding solar cell 

device which attained 5.0% power conversion efficiency, 564.53 mV open circuit voltage, 

and 17.60 mA/cm
2
 short-circuit current density and a fill factor of 50.53%.   A remarkable 

advancement in the open circuit voltage of 592.66 mV attained through CdS buffer layer 

optimization studies was significant in comparison to the previously reported value of 558 

mV in literature. This remarkable achievement was due to improved p-CZGSe/n-CdS 

junction that rules the operation of the kesterite solar cell devices. The 𝑉𝑂𝐶  deficit for CZGSe 

based solar cell in this study was determined to be 563.64 mV. This value demonstrates 

significant improvement in comparison to the value reported for advance power conversion 

efficiency (11.1%) for solar cells based on CZTSSe and it is also in the 500 – 600 mV range 

for the best performing kesterite devices.  

The formations of volatile species (.i.e. GeSe2(g) volatile phase that forms during thermal 

treatment) which result to issues on the Mo back-contact region (.i.e. poor adhesion and the 
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development of voids revealed by HR-SEM cross-sectional area micrographs) remain an 

inherent challenge in the preparation of kesterite solar cell devices. The cause of the growth 

of these detrimental voids is still not clear but it is estimated to be connected to the stress at 

the Mo back region, the volatile species related to Ge (.i.e. GeSe2(g) volatile phase that forms 

during thermal treatment) and the probable disintegration of the CZGSe kesterite absorber in 

physical contact with Mo back-contact and/or low wetting properties of Cu on Mo during 

thermal treatment. This layer showed detrimental effects on the operation and photovoltaic 

performance of CZGSe solar cell devices developed in this study and it has limited the power 

conversion efficiency to values ≤5.0%. The presence of detrimental ZnSe (2.7 eV) secondary 

phases revealed by Raman spectroscopy has been another limitation to the overall 

photovoltaic performance of CZGSe solar cell devices fabricated in this study. The effective 

removal of ZnSe secondary phases was realized by adapting an oxidation path utilizing a 

permanganate solution in acidic medium; KMnO4/H2SO4, followed by rinsing of a CZGSe 

kesterite absorber in a (NH4)2S solution. This study contributes substantially to the 

development of CZGSe based kesterite solar cells as it provides a baseline standard and 

inspires future studies with the goal of improving the CZGSe absorber quality and power 

conversion efficiency beyond 5%. 
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5.2 RECOMMENDATIONS AND SUGGESTED FUTURE WORK 

5.2.1 NiCuZn hybrid perovskite thin films 

The first recommendation is that the hybrid perovskite thin films doped with higher 

concentrations (i.e. from 10 to 50%) of transition metals; Ni, Cu & Zn, must be explored 

using two step solution deposition technique to better study and understand the impact of 

these transition metals on the crystal structure, optical and microscopic properties of the 

traditional pure CH3NH3PbI3. Photovoltaic devices with n-i-p planar heterojunction (PHJ) 

archetype employing the transition metal doped hybrid perovskites; CH3NH3PbI3•Ni, 

CH3NH3PbI3•Cu and CH3NH3PbI3•Zn, as the active layer, Spiro-MeOTAD polymer as the 

hole transporting material, Au as the metal anode and Flourine Tin Oxide (FTO) as the 

transparent cathode must be fabricated and tested under simulated solar irradiation (i.e. 1 

SUN) to study the photovoltaic performance of these novel hybrid perovskite thin film 

materials. Secondly, a complete 100% substitution of Pb (Pb-free hybrid perovskites) by Ni, 

Cu & Zn must be carried out and the fundamental studies must also be conducted to 

understand the newly formed crystal structure, the optical, microscopic and photovoltaic 

properties of these novel materials. 

Solution-based techniques are still believed to be a good attempt to attain inexpensive and 

large-area perovskite thin films although thin films prepared by chemical vapour deposition 

(CVD) techniques generally demonstrates high quality perovskite grains and compact 

perovskite thin films with advanced surface coverage. Leyden et al. [1] have reported that the 

CVD technique has potential for the fabrication of large area hybrid perovskite thin films 

which is important for industrialization and commercialization. This technique can be 

conducted under ambient conditions which makes it a competitive technique for the 

deposition of perovskite thin films. So, for future work, large area and Pb-free hybrid 
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perovskite photovoltaic cell modules based on transition metals; Ni, Cu and Zn, must be 

explored via CVD technique. 

 

5.2.2 Development of CZGSe kesterite solar cells 

As already mentioned in the discussion in chapter 4, the formations of volatile species (.i.e. 

GeSe2(g) volatile phase that forms during thermal treatment) which result to issues on the Mo 

back-contact region (.i.e. poor adhesion and the development of voids revealed by HR-SEM 

cross-sectional area micrographs) remain an inherent challenge in the preparation of CZGSe 

kesterite solar cell devices. It has also been reported in literature that the presence of 

secondary phases (ZnSe in case of CZGSe in this study), defects and defect-complexes at the 

Mo/CZGSe junction (voids and blisters revealed by HR-SEM cross-sectional area in this 

study) result in high carrier recombination and the ZnSe (2.7 eV) secondary phases with 

energy bandgap higher than that of CZGSe (1.42 eV) kesterite absorber, results in high series 

resistance and diminish the fill factor and the corresponding short circuit current which 

ultimately lead to an overall poor photovoltaic performance of the CZGSe based solar cells. 

There are many strategies that have been reported in literature to improve the Mo/CZTS 

interface to mitigate/reduce the secondary phases, defects (.i.e. voids and blisters) and defect 

complexes and improve the overall photovoltaic performance. These strategies will be 

applied in this study for CZGSe based solar cells to improve the overall photovoltaic 

performance; 

(i) An intermediate layer of Ag will be deposited onto the Mo back contact to 

repress the growth of defects (i.e. voids and blisters) as well as ZnSe 

secondary phases and MoSe2 that forms in the CZGSe absorber layer and at 
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the Mo/CZGSe junction, respectively. This interface layer has been reported in 

literature to reduce the series resistance and carrier recombination and boost 

the power conversion efficiency from 2.3% to 4.4% for CZTS based solar 

cells [2]. 

(ii) A thin layer of TiN (10 – 20 nm) has also been reported in literature by Scragg 

et al. [3] to mitigate the growth of ZnSe secondary phases and the defects that 

grow at the Mo/CZTS junction. So, in this study, this strategy will be explored 

by depositing a nanometric layer of TiN (10 – 20 nm) onto Mo before growing 

the CZGSe absorber to improve the Mo/CZGSe interface. 

(iii) A layer of ZnO thin film has also been reported to modify the Mo/CZTS 

junction and improve the overall photovoltaic performance [4]. For CZGSe 

based solar cells in this study, this metal oxide will also be deposited onto Mo 

back contact before growing the CZGSe absorber layer to improve the 

Mo/CZGSe interface. 

(iv) The improvement of open circuit voltage of CZTS based solar cells (VOC = 

780 mV and the corresponding power conversion efficiency of 8.8%) attained 

utilizing a Cu double layer, Cu-rich layer proximate to the Mo junction and 

Cu-poor layer proximate to the top of the surface, has been reported in 

literature by Tajima et al. [5]. This Cu double layer strategy will be explored 

in this study for CZGSe based solar cells. 

(v) It was observed that germanium di-selenide GeSe2 (Alfa-Aesar powder, 

99.999%) that is used to compensate for the loss of Ge content after reactive 

selenization is not actually a suitable candidate for that purpose.  It was then 

assumed that after reactive selenization there is still GeSe2 (solid powder) 

distributed on the surface of the CZGSe absorber but not actually incorporated 
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into the absorber itself as seen from XRF results. So, a new candidate; 

germanium mono-selenide GeSe (Alfa-Aesar powder, 99.999%), will be 

utilized in tandem with Se, i.e. Se + GeSe, during reactive selenization process 

at high temperature to compensate for germanium loss. 

The power conversion efficiency of solar cell devices is intrinsically limited by a factor called 

Shockley-Queiser limit, regardless of how good a solar cell material is. The Shockley-

Queiser limit calculates the theoretical maximal values of different solar cell parameters. 

Solar cell devices with multiple junctions like tandem solar cells have been reported in 

literature as an effective approach for attaining high power conversion efficiency and 

surmount Shockley-Queiser limit in single junction solar cells. Tandem solar cells consist of 

a top-cell (wider energy bandgap) and a regular bottom-cell (narrower energy bandgap). So, 

for future work, a low-cost and non-toxic kesterite absorber material Cu2ZnGe(SxSe1-x) 

(CZGSSe) with energy bandgap that can be tuned from 1.4 to 2.0 eV will be explored and 

utilized as a wider energy bandgap material for the top cell to interface with the low cost and 

less toxic perovskite material Cs0.25FA0.75Pb0.5Sn0.5I3 with narrower energy bandgap of 1.2 eV 

utilized as a regular bottom cell to produce high efficiency kesterite-perovskite 

Cu2ZnGe(SxSe1-x)-Cs0.25FA0.75Pb0.5Sn0.5I3  tandem solar cells. 
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