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Abstract 

Perovskite solar cells (PvSCs) have attracted numerous attention due to their low 

manufacturing cost and high efficiency. The efficiency and stability of perovskite solar cells 

(PvSCs) depend not only on the perovskite film quality, but they are also dependent on the 

charge carriers of both the electron transport layer (ETL) and hole transport layer (HTL). The 

ETL needs to be highly transparent and highly conductive. To achieve these properties, 

titanium dioxide TiO2 has been widely used as an ETL. In particular, compact titanium dioxide 

(C-TiO2) has been employed as an ETL in most PvSCs. Both surface roughness and uniformity 

of the C-TiO2 can influence the electrical and optical properties of the film and consequently 

the efficiency of the PvSCs. The effect of changing the DC sputtering power and the ratio of 

argon (Ar) to oxygen (O2) plasma on the C-TiO2 films and subsequently on the overall 

efficiency were studied. The optimum preparation conditions for the C-TiO2 films were 

obtained when the DC power was set at 200 W and a flow rate of 6 sccm Ar and 12 sccm O2. 

A maximum power conversion efficiency (PCE) of 15.3% in forward sweep and 16.7% in 

reverse sweep were achieved under sunlight simulator of 100 mW/cm2. These results indicate 

that significant improvement in the efficiency can be achieved, by optimizing the C-TiO2 layer.  

Doping of the ETL with FK209 cobalt found to enhance the efficiency and performance of the 

PvSCs. It has been demonstrated in this study that an optimum concentration of 2.5 mg FK209 

cobalt in the M-TiO2 has resulted in an efficiency of 15.6% on 0.36 cm2 active device area. The 

enhanced efficiency is due to the improved conductivity of the ETL while maintaining high 

transparency and low surface roughness with FK209 doping. Devices fabricated using M-TiO2 

doped with FK209 have shown improved performance and are highly reproducible. 

Solvents play an important role in the preparation of the ETL and HTL. Lithium salt TFSI 

employed in HTL and FK209 cobalt TFSI used in ETL are usually dissolved by acetonitrile 

(ACN) solvent. However, this solvent is toxic and can accelerate the deterioration of the 

perovskite film, which can also limits any improvement of PvSC performance. This study 

demonstrated that using ethanol to dissolve FK209 and isopropanol (IPA) to dissolve lithium 

can be used as an effective alternative to ACN. Ethanol and IPA can slow down the degradation 

of the perovskite film compared with ACN due to decreasing pinhole defects density and 

recombination process. This can lead to better stability of perovskite based solar cells. Devices 

prepared using FK209/ethanol and lithium/IPA have shown good performance with champion 
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device efficiency of 16.4% and the drop in efficiency was 17% over the 40 weeks testing 

period. The champion device prepared using ACN solvent gave an average efficiency of 15.8% 

and the efficiency dropped by 22 % over the 40 weeks period. Using the proposed ethanol and 

IPA solvents offer considerable potentials toward environmentally friendly fabrication process 

and notable improvement in device performance. 

Perovskite solar cells without the ETL have been investigated to simplify fabrication processes 

by eliminating the use of high temperature annealing; facilitating the deposition of perovskite 

films directly on the FTO glass substrate. The PCE of the perovskite devices without the ETL 

was measured at 13%. This means that 17% of efficiency was lost by avoiding the use of the 

ETL. However, PvSCs without the ETL is an important alternative for simple structure solar 

cells, and allow the possibility of low temperature fabrication and use of plastic substrate for 

PvSCs. 

This work developed perovskite based solar cells with wavelength selective properties ranging 

from 500 nm (UV-Vis) to 800 nm (IR). The bandgap tuning was achieved through composition 

changes mainly Lead (II) iodide PbI2 and Lead (II) bromide PbBr2. High content of iodine 

displays a photoluminescence (PL) peak at 790 nm, whereas high content of bromine shows a 

PL peak at 548 nm. The combined composition mixture of (PbI2  and PbBr2) can be fine-tuned 

to prepare material that absorb light in the visible range (640-660 nm) or any other wavelength 

between the range from 500 to 800 nm. The corresponding bandgaps were changed and cover 

a range from narrow bandgap of 1.54eV to wide bandgap of 2.4eV. The average efficiency of 

the fabricated solar cells ranges from 1% to 15.5% depending on perovskite composition. 

Wavelength selective perovskite solar cells have potential applications in building integrated 

PV and in solar operated greenhouses.  

In the last part of this research, the organic-inorganic hybrid multilayers Perovskite/Perovskite 

tandem solar cells (PvTSCs) have been investigated to explore the advantages of combing two 

wavelength selective materials in the construction of perovskite based solar cells. The PvTSCs 

have an essential potential to overcome the limitations of Shockley–Quiesser, which has 

limited the efficiency of single-junction solar cells. PvTSCs have been used to boost the 

efficiency to much higher levels then single junctions. Materials of wide bandgap are deposited 

on top cell (~2.3 eV), while materials of narrow bandgap are deposited on bottom cell (~1.6 

eV). This study shows that the Perovskite/Perovskite tandem device (Wide bandgap material 

+ Narrow bandgap material) yielded the PCE of 16.5% in the forward sweep and 18.8% in the 
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backward sweep achieved on 0.25 cm2 active area. Whereas, it yielded a PCE of 14.6 % in the  

forward sweep and 16.2 % in the backward sweep on 0.36 cm2 active area. Using all perovskite 

tandem solar cells with single layer of ETL and HTL and without recombination junction layer 

yielded average efficiencies around 15.4%, which is around 14% lower than PvSCs with two 

ETLs, HTLs and recombination junction layer. For applications with their main drive is low 

cost, simplifying fabrication processes by eliminating the use of double ETLs will be more 

attractive. 

 

In summary, this study investigates the fabrication and characterisation of wavelength selective 

perovskite solar cells with potential, for greenhouses applications and building integrated 

photovoltaics. To achieve this, the perovskite composition mixture materials (I, Br and Cl) 

were changed to obtain wide range of bandgaps. Experiments were performed to verify changes 

in the bandgap as a result of using perovskite compositions with different concentrations. 

Structural, optical, electrical and device characterizations were examined. The optimum 

preparation conditions were found for the deposition of the TiO2 together with the optimum 

concentration of the FK209 doping. We examined an alternative solvent to ACN, explored 

tandem structures and monitored devices stability over 60 weeks time period. The reliability of 

the devices was tested by preparing at least 10 samples for each experiments on a relatively 

large device area of up to 1cm2. Finally, this study demonstrates new Perovskite/Perovskite 

tandem cells structure that eliminates the need for two carrier transport layers and a 

recommendation junction layer. The tandem perovskite cells achieved an average efficiency of 

17% with a low-cost and simple manufacturing process. 
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1.1 Overview: 

Due to sustained energy demands, alternative energy sources that are clean and less harmful to 

the environment have been explored. Solar cells (SCs) are one of the most common devices 

that have attracted attention owing to their demonstrated high photovoltaic conversion 

efficiency and continued low cost of fabrication. The SCs are a kind of photovoltaic device, 

which converts solar radiation into electricity. Sunlight is a cheap, clean, and renewable energy 

source compared to other energy sources. 

Perovskite solar cells are a kind of hybrid organic-inorganic halide materials that shares a 

similar structure and principle of operation. Solar cells based on perovskite material have the 

potential to play an important role in PV market for highly efficient SCs. The organic-inorganic 

hybrid perovskite solar cells (PvSCs) were first proposed in 2009 and achieved power 

conversion efficiency (PCE) of 4% [1]. After one decade, it has reached efficiencies of over 

25% [2]. Since then gradual increase in efficiency and performance is reported [3]. However, 

there are number losses in perovskite solar cells that limits its conversion efficiency; these are 

the recombination of photogenerated carriers, optical and electrical losses [4, 5]. 

The organic-inorganic lead iodide materials are the most commonly used in perovskite 

composition as the active layer for light-harvesting material. Simple manufacturing and cheap 

production characterize the main materials of the perovskite fabrication. Generally, 

formamidinium and methylammonium iodide, bromide, or chloride halides are classified as an 

organic. Caesium iodide, bromide, or chloride halide are classified as an inorganic [6]. As a 

result, perovskite is a combination of organic and inorganic Lead halide to form perovskite 

films. In this study caesium based perovskite were prepared, characterised and were used to 

fabricate solar cells.   

Both the electron transport layer (ETL) and the hole transport layer (HTL) interfaces with the 

active perovskite films in forming the solar cell structures. The organic-inorganic perovskite 

active layer is introduced between the cathode (ETL) and anode (HTL) [7, 8]. Both of these 

interface layers help in transport carriers efficiently and hence improving the performance of 

the perovskite. One of the most significant layer that determine the performance of the PvSCs 

is the ETL. The ETL plays an essential function and crucial role in facilitating the transportation 

of photogenerated electrons from the active layer to the electrodes and blocking the backflow 
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of holes at the same time. Therefore, the ETL needs to be optimized and studies in details as it 

affects the performance and efficiency of the solar cells.  

The PvSC structures are classified into two main types  based on the ETL/HTL layers: 

mesoporous (mesoscopic) structure and the planar heterojunction structure solar cells. For each 

solar cell, there is either an upright n-i-p or an inverted p-i-n structure. The planar 

heterojunction PvSC has a simple fabrication process, which is beneficial for lowering the cost 

of fabrication [9]. However, the n-i-p mesoscopic structure has been used in this study. Where, 

n represents the ETL and p represents the HTL. Figure 1.1 shows a schematic drawing of four 

typical structures employed for the preparations of perovskite solar cells. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: A schematic drawing of four typical structures used for the fabrication of perovskite 

solar cells. 

 

Generally, photovoltaic devices are devices consist of a p-n junction that convert sunlight into 

electricity. In perovskite solar cells, the conversion of sunlight to electricity is done through 
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chapter 3. The FTO coated glass used in this study has high transparency and low resistivity.  

In addition, the FTO coated substrate can be easily coated with other materials such as 

perovskite. Perovskite is usually deposited on the FTO coated glass substrate sandwiched 

between an ETL and HTL. This is because the perovskite films have poor electron and hole 

transport properties. Hence, the perovskite layer required the assistance of the electron and hole 

transport layers. In this study, the C-TiO2 and M-TiO2 were utilised as an ETL and were 

deposited through DC sputtering process and spin coating technique respectively. Cesium Lead 

halide-based perovskite with the formula CsI0.05[(FAPbI3)0.85 (MAPbBr3)0.15]0.95 was deposited 

on the ETL using a spin coating process inside a humidity-controlled glovebox. The Spiro-

MeOTAD film function as an HTL was deposited on the perovskite layer using a spin coating 

process inside glovebox. The Gold electrode was deposited on the HTL using electron beam 

evaporation process.  The fabrication processes will be described fully in chapters 2 and 3. 

Hysteresis phenomena is considered one of the drawbacks of perovskite solar cells. It is caused 

by the charge redistribution during changing the direction of a forward and reverse scanning of 

the current voltage characterization. It depends on the voltage sweeping rate, scan direction 

and PvSCs solar cell structure configuration [10, 11, 12]. The reasons for the hysteresis is the 

fact that when the perovskite is charging during the voltage sweep, it affects the ferroelectric 

polarization, which causes a hysteresis at the interface of the perovskite with the transport 

layers. The second reason is due to an ion migration and the “trap-assisted charge 

recombination” in the perovskite film [13]. In addition, the possibility of excess mobile ions in 

the film that influence the current -voltage curves when performing sweep in the forward and 

backward directions [11].   

The mesoscopic based structure solar cells uses mesoporous TiO2 (M-TiO2) layer and were 

used in this study. The M-TiO2 was optimised and used as an ETL to achieve the high efficiency 

obtained for our PvSCs. TiO2 films can efficiently collect electrons and block holes, to achieve 

an effective balance between the flux of holes and electrons. Therefore, the mesoscopic 

structure of the PvSCs has less hysteresis compared to planar heterojunction type. This is 

because of its lower capacitive charge storage properties usually found in the planar structure 

[14]. The M-TiO2 layer has a high transparency, suitable optoelectronic properties, carrier 

separation capacity, and short deposition processes [15]. However, the electrons mobility in 

M-TiO2 is lower than that in the perovskite material. The transport length (diffusion lengths) 

of the electrons in the compact TiO2 layer is much shorter than that in the M-TiO2 layer [16]. 
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Thus, the conductivity of the TiO2 layer can influence the performance of the PvSCs. As a 

result, doping the M-TiO2 is used to enable faster electrons transfer and extraction through the 

M-TiO2 layer. Doping of the M-TiO2 will be presented in chapter 4. 

The hole transport layer (HTL) is also very important for holes transport and collection that 

impact the efficiency of the PvSCs. Spiro-MeOTAD has been commonly employed as an HTL 

in the PvSCs because the spiro-MeOTAD is non-reactive to perovskite material [17, 18]. 

However, the spiro-MeOTAD suffers from low mobility of holes that can limit any further 

improvement in the efficiency of the PvSCs. Therefore, HTL needs additives/dopants to reduce 

this limitation and improve the holes mobility. For example, a lithium salt (TFSI), 4-tert-butyl 

pyridine (TBP), and copper or FK209 cobalt have been introduced to the spiro-MeOTAD to 

achieve higher performance [19, 20]. Noh et al. in 2013 has used FK209 cobalt as a spiro-

MeOTAD dopant. This doping decreases the charge transmission resistance and improves the 

properties of the spiro-MeOTAD as an HTL [21]. The HTL materials such as lithium TFSI and 

TBP have a high hygroscopicity and strong acidity; hence, these properties may cause 

instability in the device because of the degradation caused to the underlying perovskite thin 

film [22, 23].  

Generally, highly efficient PvSCs are designed to utilize the (hole-blocking) ETL and 

(electron-blocking) HTL to separate and collect the photogenerated charge carriers (electron-

hole pairs), that were generated in the perovskite absorber layer. Highly efficient devices can 

be produced by optimising the ETL and the HTL to prevent critical carrier recombination at 

the interfaces. Therefore, the optical and electrical properties of these two layers can crucially 

influence the performance of the PvSCs. Generally, PvSCs without one or two of these layers 

have shown lower efficiencies as compared to the PvSCs with both ETL and HTL [24, 25]. 

 

1.2 Background: 

PvSCs have attracted much attention due to their potential for use in high efficiency 

photovoltaics systems in addition to their low fabrication cost. However, the PvSCs need 

further optimization for large scale manufacturing with the required long term stability and 

high efficiency. The best PCE of the PvSCs has reached values close to the silicon solar cells 

that are currently commercially available [2]. However, the stability of the PvSCs still needs 

to be improved to be cost effective. According to the national renewable energy laboratory 
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(NREL) report , the efficiency of SCs based on perovskite has achieved the highest rate of 

increase in efficiency compared to other types of SCs. Figure 1.2 shows the efficiency of solar 

cells fabricated with different materials and technologies over 45 years’ time scale. 

 

Figure 1.2: NREL efficiency of solar cells illustration showing improvement in efficiency for 

different materials and technologies over time [2]. 

 

Using organic-inorganic Lead halide as a light absorber in PvSCs was first reported in 2009 

and was demonstrated by Kojima et al. [1]. The PCE achieved was 3.8% on an active area 0.2 

cm2. However, the stability of the cell was just for a few minutes. Recently, scientists from the 

Chinese Academies of Sciences reported in 2018 a PCE of 23.7% for perovskite solar cells as 

certified by the NREL [2]. Moreover, PvSCs performance continued to improve under different 

conditions and are more stable for the long period of time. Over the past decade, there were 

significant improvements in single-junction PvSCs. To overcome the Shockley–Quiesser 

theoretical limitations, which sets a limit on the efficiency of single-junction solar cells, two or 

more junctions were proposed, these are called tandem cells. The tandem perovskite cells 

consist of perovskite layers coupled with silicon for example to form a tandem solar cell. In 

2021, the Oxford photovoltaic company has proclaimed a perovskite-silicon tandem cell 

efficiency of 29.52% [2].  
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The structure of dye-sensitized solar cells (DSSCs) is similar to that of the PvSCs used in this 

study, as both require electron and hole transport layers. Furthermore, the basic principles 

followed in the PvSC processes is relatively similar to that followed in DSSC process.  Stability 

of the perovskite and DSSC are influenced by water vapour and oxygen, hence the need for 

glovebox in the preparation of these films are essential. Grätzel and O'Regan have fabricated 

the first solar cell based on dye sensitized colloidal TiO2 films in 1991 with an efficiency of 

7% [26]. Wang et al. have reported in 2003 on DSSCs that has been fabricated based on 

“nanocrystalline TiO2 film derivatized with an amphiphilic polypyridyl ruthenium complex” 

and achieved an efficiency of 7.8% [27]. Miyasaka’s group in 2009 has utilized the first 

perovskite crystal structure material that yield an efficiency of 3.8% as an active photon 

sensitizer in DSSC [1]. Magne et al. have published an article in 2011 that illustrated a brookite 

TiO2 nanoparticle utilized as a “building blocks for the preparation of brookite porous thin 

film” for DSSCs and achieved an efficiency of 6%. The brookite film as a transport layer has 

a direct bandgap of 3.4 eV [28]. In 2006, CHIBA et al. have achieved a power conversion 

efficiency of 11.1% for DSSCs using TiO2 electrodes with different haze [29]. In 2012, the 

highest PCE of 11.4% was achieved for DSSCs that was obtained by synthesis of 

donor/acceptor type co-adsorbent. An authorised research centre (AIST) certified their result 

[30]. 

Despite all of these advances in perovskite solar cells technologies and efficiencies, there are 

still a number of challenges to overcome. For example, the stability of the devices under actual 

working sunlight conditions and the environmental impacts of titanium and Lead are still under 

research [31, 32]. It is worth noting that pinholes and defects in the materials structure may 

lead to efficiency loss especially when upscaling to large area cells. Despite the dominance of 

silicon in the photovoltaic market, it is likely that the PvSCs will reach commercialisation level 

in near future either as single or tandem cells. Currently, the photovoltaic market can be 

represented in the classification shown in Figure 1.3. Generally, there are two main types of 

the photovoltaics (PVs): wafer-based (Crystalline) PVs, and thin-films technology PVs. Figure 

1.3 illustrates the classification of the photovoltaic technologies in more detail. Perovskite solar 

cell is kind of thin film photovoltaics. Large number of techniques have been employed to 

process PvSCs, there are ranging from dip coating [33], spin coating [34], chemical vapour 

deposition (CVD) [35], atomic layer deposition (ALD) [35], spray deposition [36], and thermal 

evaporation [37].  
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Figure 1.3: A chart diagram illustrating the current photovoltaic technologies. 

Photovoltaic Technology 

GaAs&III-V 

Single Junction 

Wafer based 1st generation PVs 

fabricated on Semiconductor 

wafers 

Thin film cells PVs 

(TFPVs) 

Conventional 

Thin Multi-

crystalline film 

Conventional Thin 

film 

Emerging Thin 

film 

Single 

Crystalline 

Silicon 90-

95% of the 

industry 

using 

Multi- 

Crystalline 

Silicon 5-

6% of the 

industry 

using 

Copper Zinc  

Tin Sulphide  

Copper indium 

gallium selenide 

(CIS/CIGS) 

Cadmium 

telluride (CdTe) 

20% cell 

efficiency 

Hydrogenated 

amorphous 

silicon (a-si:H) 

5-6% 

Dye Sensitized 

Solar Cell DSSC 

Perovskite 

Organic 

photovoltaic 

Quantum dot 

photovoltaic 

Poly- 

Crystalline 

Silicon 

 



   Introduction and background                                                                                                                 Chapter 1 

 

9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: A chart diagram of photovoltaics device evolution based on materials utilised as an 

absorber, different structures and technologies [38]. 
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the environmentally challenging silicon wafer-processing residue, the second generation of the 

PVs utilized thin-film inorganic compound semiconductor such as CIGS, CdTe and GaAs. 

However, this kind of solar cells technology may require vacuum vapour deposition in the 

fabrication, which demands high-energy consuming process [38]. The third generation of 

organic solar cells have been  introduced based on molecules, polymer, and DSSC that are 

designed to generate high PCE with low cost of fabrication. Grätzel and O'Regan have 

presented the first DSSCs in 1991 with 7% efficiency [26]. More recently, the hybrid 

perovskite based solar cells have been emerged as the fourth generation of solar cells 

technology. The perovskite is a hybrid between organic-inorganic solar cells that has been 

proposed in 2009 and showed steep improvement in efficiency up until now. The efficiency of 

PvSCs has very rapidly improved in the last 10 years reaching more than 25% [2, 39-41].  

1.3 Greenhouse lighting and plants requirements of light: 

Since one of the main objectives of this project is to develop wavelength selective perovski te 

solar cells suitable for greenhouse applications, we have to understand first which wavelengths 

of light is more important to plants growth.  Hence, a brief introduction on the photosynthesis 

process is given below. 

Plant’s growth cycle is affected by two main factors; these are the intensity of light energy and 

the radiation spectral distribution of light energy. Photosynthesis process depends on the 

intensity and wavelength of the light. Plant taste, colour and aroma can be affected by the 

radiation spectral distribution of light.  This is due to the fact that the photosynthesis is affected 

by the radiation spectral distribution, which depends on certain wavelength of light that the 

plant absorbed [42]. Figure 1.5 shows the visible wavelength range included in electromagnetic 

spectrum. 

The short visible wavelength near the ultraviolet (400 nm) range is useful as it boosts the plant 

antioxidant activity [43]. Moreover, it is one of the main factor that contributes the taste, colour 

and aroma of plants. For wavelengths less than (380 nm) it becomes harmful to living creatures 

including plants [44]. At the wavelengths range from violet (400 nm) to blue (500 nm), it 

contributes to the photosynthesis processes and vegetation root growth. For wavelengths 

greater than 500 nm, green to yellow (600 nm), these are less useful to the photosynthesis 

processes [45]. However, both of the green and yellow light are useful for growing tomato in 

greenhouses for example. Green and red light mixture are better for plant growth than blue and 
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red light mixture [45]. The red light in the region of (600-700 nm) wavelengths are important 

for the photosynthesis process and production of flowering and fruit [46, 47]. In Germany, 

Singh et al. have shown that exposure of vegetables to the red light will help plants to grow 

better because the phytochrome system absorbs red lights [48].   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: The visible wavelength range included in electromagnetic spectrum [42]. 
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sharing sunlight between plants and solar cells using wavelength selective perovskite solar cells 
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can be achieved. The proposed system should help in providing a more sustainable source of 

energy for food production.  

 

Figure 1.6:  An absorption spectrum of chlorophyll a and b in a typical plant. The dotted lines 

represent the potential spectra for designing perovskite solar cells that utilize wavelengths not 

absorbed or utilised by the plant [49]. It also applicable for building integrated PV where certain 

light wavelengths might not be desired such as in solar curtains [50].  
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global population, energy demands have been increased to sustain human activities and 

quality of life. Since the perovskite solar cells have low fabrication cost and high 
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efficiency, they are considered one of the most promising photovoltaic devices for large 

scale production and electricity generation. The PvSCs have the potential of replacing 

the traditional crystalline silicon solar cells due to their continued improvement in 

efficiency and low cost manufacturing. Our developed PvSCs with wavelength 

selectivity have the potential for use in building integrated photovoltaics and in 

greenhouse applications. The proposed tandem Perovskite/Perovskite solar cells have 

been explored to boost the efficiency to much higher levels than single junctions’ solar 

cells. 

1.5 Approach of the research: 

 Understanding the function of each layer in the solar cell structure to optimise 

PvSCs fabrication. 

  Investigate the role of the DC power and the Ar to O2 ratio in sputtered TiO2 to 

form compact TiO2 layer suitable for high efficiency perovskite solar cells. 

 To improve optical and electrical properties of the electron transport layer (ETL), 

cobalt FK209 and the lithium (Li+) salt doped mesoporous TiO2 (M-TiO2).  

  Study the influence of FK209 and Li+ salt TFSI on the efficiency and 

performance of the PvSCs. 

  Find alternative solvents to the acetonitrile (ACN) as it is toxic material and can 

accelerate the deterioration of the perovskite films. 

 Using IPA and ethanol as an alternative to ACN to offer fabrication process that 

is less toxic and help in improving device performance. 

  Examine device structures without the electron transport layer.  

 Exploring application of perovskite solar cells in PV operated greenhouses. The 

idea of devices that share sunlight with plants. 

 Developing wavelength selective perovskite solar cells through changing the 

composition and concentration of the iodide, bromide, and chloride (I, Br, Cl) in 

the mixture.  

  Explore multilayers Perovskite/Perovskite tandem solar cells. 
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  Investigate all perovskite tandem solar cells with one main ETL and one HTL, 

sandwiched between two active perovskite layers without a recombination 

junction layer. 

 Fabrication PvSCs on large area with a good stability, reproducibility and high 

efficiency. 

1.6 Objectives and thesis outline: 

The main objective of this thesis is to develop high efficiency perovskite solar cells with 

wavelength selectivity feature.  To achieve wavelength selectivity (bandgap tuning), changing 

the composition of the perovskite film was performed.  The wavelength selective devices show 

promising opportunities for new applications in building integrated PV and in greenhouse 

applications. Both the ETL and HTL layers were improved by using doping technique. The 

doping technique of the ETL can enhance the efficiency and stability of the PvSCs. In addition, 

we have investigated the role of DC power and the Ar to O2 ratio in sputtered TiO2 to form 

compact TiO2 layer suitable for high efficiency PvSCs. The thesis looks into the possibility of 

finding appropriate alternatives for toxic solvents to slow down the deterioration of the 

perovskite films and improve their performance. This study can offer considerable potentials 

toward environmentally friendly fabrication process with a notable improvement in device 

performance. We investigated and fabricated perovskite solar cells without ETL (perovskite 

deposited directly on the FTO glass substrate) to simplify the cell structure and avoid using 

high temperature process. Finally, all Perovskite/Perovskite tandem solar cells with one ETL, 

one HTL and without a recombination junction layer have been investigated. The main goal is 

to fabricate PvSCs with reproducible efficiency higher than 15% and characterise their 

performance under different environmental conditions. All the fabrication processes of the 

PvSCs were conducted at the nanofabrication laboratory, at the University of Canterbury in 

New Zealand. 

 

This thesis is organized as follows: 

Chapter 1 explains the motivations and background. Approach of the research, objectives and 

thesis outlines are also demonstrated in this chapter.   
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Chapter 2 briefly described an overview of techniques used for the fabrication and processing 

followed in this study. The first section of this chapter explains what experimental methods 

and processing procedures were utilized in this study. The second part describe the devices that 

were used and the different characterization techniques utilised in the analysis. 

Chapter 3 is looking into how to fabricate the perovskite solar cells starting from cleaning of 

the substrates to solar cells testing using sunlight simulator. It also investigated the role of the 

DC power and the Ar to O2 ratio in forming the compact TiO2 layer by DC sputtering. 

Chapter 4 presents doping technique of the ETL with the aim of enhancing the efficiency and 

performance of the PvSCs. FK209 cobalt TFSI and lithium TFSI salt were investigated as 

dopant for the mesoporous TiO2 in the ETL. The study demonstrated that using FK209 cobalt 

with 2.5 mg concentration provides high efficiency and improved the reproducibility. 

In chapter 5, the possibility of finding appropriate alternatives for toxic solvent to reduce the 

deterioration of the perovskite films and improving their performance were presented. The 

chapter describes that by using toxic free solvent offers considerable potentials toward 

environmentally friendly fabrication process and notable improvement in device performance.  

Chapter 6 investigates how to fabricate perovskite solar cells without hole blocking layer 

(Electron transport layer- free). In this chapter, we show that manufacturing of PvSCs without 

using ETL is appropriate for low-temperature fabrications and for PvSCs on plastic substrates. 

Chapter 7 describes the development of perovskite films with different energy band gaps by 

changing the composition of the triple cation perovskite active layer to achieve wavelength 

selectivity. The wavelength selective perovskite films have potential in building integrated 

photovoltaics and in greenhouse applications. 

Chapter 8 investigates and reports on the multilayers (all perovskite/perovskite tandem solar 

cells). Tandem cells have been developed to boost the efficiency to much higher levels than 

single junctions.  

Chapter 9 summarises the main conclusion of this research work and outline the suggestions 

for future work. 

 

A list of publications by the author is given on page vii  
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Chapter Two 

Processing, fabrication and characterization techniques 

In this project, a number of processing, fabrication and description technologies were 

employed. This chapter describes techniques used for the fabrication and processing of 

materials and devices investigated in this study. This chapter is divided into two main parts. 

The first part discusses the fabrication methods and processing protocols that were followed in 

this project. The second part describes the materials and devices utilized for the different 

characterization techniques. All the fabrication processes have been conducted in the 

nanofabrication laboratory at the University of Canterbury, New Zealand. 

The electrical and optical characteristics of each layer in the solar cell should be studied to 

understand how each layer affect the overall solar cell performance. Figure 2.1 shows the 

different characterization systems that were used to analyse and test the perovskite solar cells 

undertaken in this study. Various techniques were used to characterize the solar cell devices 

and the thin-films that build the device.  

 

 

 

 

 

 

 

 

 

Figure 2.1: The characterization methods employed to analyse and test the devices and 

materials fabricated in this study. 
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morphology of the thin-film surface were analysed using SEM and AFM techniques. The 

optical characteristics of the thin-films were investigated using UV-Vis spectroscopy, 

photoluminescence and PL decay time. 

2.1 Processing and fabrication techniques: 

A schematic diagram for the device structure and the process followed in the fabrication of 

perovskite solar cell is shown in Figure 2.2. The device consists of these layers shown in Figure 

2.2 and these layers require different technologies to form. Perovskite material was prepared 

by mixing FAI, MABr, PbI2, PbBr2 and CsI as will be explained in chapter 3 in more details. 

Then the perovskite material was deposited on ETL coated FTO glass.  The ETL was prepared 

using DC sputtered. The perovskite was spun coated on the ETL in glove box environment. 

Fabricated materials and devices were characterized using AFM, SEM, PL spectrometry 

measurements, PL decay times, XRD and J-V characterization. The following sections describe 

the details of each process steps and equipment used in this study. In this part, it will be 

explained the schematic diagram of most devices that were used in this project.  

 

 

 

 

 

 

Figure 2.2: A schematic diagram for the device structure and the process followed in the 

fabrication of perovskite solar cell.  
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be used for the deposition of wide range of metals, insulators and semiconductors. Moreover, 
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films. The PVD involves different techniques including thermal vaporization, E-beam 

vaporization and pulsed-laser deposition. Generally, DC sputtering is a common technique 

utilized in deposition of thin films with a good quality and high purity, under low-pressure 

requirements (e.g 10-3 torr processing pressure). Much lower pressure (e.g 10-6 torr) is required 

for the thermal or electron evaporation technique [51]. 

Sputtering operation is the expulsion of atoms from a solid target through bombarding the 

target with energetic particles generated in a glow discharge plasma. Particularly, sputtered 

atoms will be deposited on samples placed opposite to the target. The most common method 

to increase the sputtering yield is through magnetron sputtering by employing a magnetron 

source surrounding the target area. In this process, the magnet focuses the Ar ions and confine 

them within the target area, increasing the sputtering yield and hence higher deposition rate at 

lower pressure. 

Figure 2.3: A schematic drawing of a magnetron sputtering system. 
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Figure 2.4: The Edwards Auto500 Magnetron sputtering system used in this study for material 

deposition using either DC, RF sputtering or EB evaporation techniques depending on material 

and process requirement. 

Figure 2.4 shows the Edwards Auto500 magnetron sputtering system that was used in 

this study for the deposition of metallic, dielectric and semiconducting materials. In our 

system, there are two magnetron sources and one electron beam source: the DC source 

is located on the right-hand side of the chamber, and the RF source is located on the 

back left-hand side. The electron beam source is located on the front left-hand side of 

the chamber. In general, the DC source is used for the metal deposition and the RF 

source for insulating materials deposition such as TiO2, SnO2, etc. The electron beam 

was used to deposit metals such as gold, silver, titanium, and platinum. Practically, RF 

magnetron sputtering was utilized for depositing the tin oxide (SnO2) as an ETL in the 
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solar cells fabrication. DC magnetron sputtering of titanium was used for depositing the 

compact-TiO2 films, which act also as part of the ETL. E-beam evaporation under 10-6 

torr vacuum was used for depositing the gold (Au) as an electrode contact. 

2.1.2 Electron beam (EB) evaporation: 

An E-beam was part of the Edwards Auto500 Magnetron sputtering system, this technique uses 

beam of electrons to evaporate materials rather than heat as in thermal evaporation process. In 

this study, the EB was used to deposit the Au metal as electrode of the perovskite solar cells. 

Electron beam evaporation is preferred technique as it does not cause damage for the deposited 

perovskite active layer [52, 53]. Figure 2.5 illustrates a general schematic of the electron beam 

evaporation. In this technique, the heating of the target material is localised and performed 

under low vacuum of 10- 6 torr. While the crucible is cooled down to avoid contamination 

issues, the target material is heated only above its melting point by the electron beam. This 

process yields better quality Au electrodes and was adopted in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: A schematic illustration of an EB evaporation technique. 
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Generally, the EB system in our nanofabrication laboratory consists of four-crucible selectors; 

these were silver, nickel /chromium, titanium and gold. Practically, it can be used for deposition 

of any one of these materials without breaking the vacuum. This is performed by waiting for 

few minutes for the chamber to cool down and then selecting the required material crucible for 

evaporation. The crystal monitor setting is manually arranged to set the layer, data, density, 

impedance, thickness of the deposition layer and tooling factor. In this project, the EB 

evaporation was used for the deposition of gold as top and bottom contact electrodes for 

forming the solar cells and performing the electrical measurements of the solar cells. In our 

nanofabrication laboratory, there is another E-beam evaporator machine with a brand name 

Temescal. The main important difference is having larger working distance allowing more 

uniformity and less sample heating. However, the Temescal machine consumes more materials, 

and since gold is expensive, it was not used for the electrode formation. For example, for large 

number of samples we have used the EB located in the Magnetron sputtering machine to make 

it more economical. 

 

2.1.3 Spin coating: 

Spin coating is a simple and easy technique for material deposition and it is depending on 

centrifugal force, which is widely used to deposit liquid based materials and multilayer thin 

films on flat substrates [54, 55]. The centrifugal force of rotation is the main principle that 

causes the liquid to spread out and cover the substrate. Typically, a liquid is dropped on the 

centre of the substrate to produce a uniform thin film. The relationship between speed and film 

thickness is an inverse relationship, which means that when the spinning speed is high, the film 

will be thin and vice versa. It is relatively cheap and fast technique, which involves less material 

loss compared to other deposition methods. However, it has some disadvantages. For example, 

the deposition of a very thin film less than 10 nm is difficult. Moreover, it is hard to control the 

homogeneity and thickness of the deposition film. Film deposition can be influenced by 

contaminant sources such as dust, humidity, oxygen, and water vapour. Figure 2.6 shows the 

different steps of spin coating on a substrate. In this project, a spin coater was used to deposit 

the electron and hole transport layers. It was also used to deposit the perovskite active layer.  

Figure 2.7 shows the Headway PWM32-PS-R790 spin coater used for spin coating process in 

this study. 
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Figure 2.6: A schematic illustration of the different steps taken during the spin coating process. 

 

 

Figure 2.7: The Headway PWM32-PS-R790 spin coater for spin coating process. 
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Different compositions of organic-inorganic hybrid perovskite materials were used in this 

work.  The environmental conditions during the deposition strongly influence the properties of 

perovskite films. Numerous studies have mentioned that the smoothness of the film surface, 

grains size, structure, and number of pinholes are affected by the oxygen level, humidity, and 
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temperature during the deposition of films [56, 57, 58]. Thus, there are many advantages of 

using a glovebox during the deposition of perovskite films. Oxygen leads to degradation of the 

perovskite layer during the preparation process. Therefore, a glovebox is essential to protect 

the perovskite layer from contaminations during spin coating. Hence, the glovebox should be 

filled with nitrogen gas to replace oxygen and water vapour in the reaction chamber. On the 

other side of the glovebox, exhaust is used to remove the gases emitted from the deposition 

process. Generally, a glove box is also an excellent operator's protection of toxic gases emission 

during deposition. Both the active layers of the perovskite film and the hole transport layer 

Spiro-MeOTAD were deposited inside the glove box. Figure 2.8 shows a schematic drawing 

of the control system for humidity in the glovebox. Figure 2.9 shows the actual glovebox used 

in this study.  

 

 

 

 

 

 

 

 

 

 

Figure 2.8: A schematic diagram of the control of humidity in the glovebox. A high purity 

nitrogen gas was used. 
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Figure 2.9: The glovebox at the nanofabrication laboratory used in this study 

 

2.2 Characterization techniques: 

In this project, both atomic force microscopy and scanning electron microscopy were utilized 

to investigate the structural properties of the samples and their surface morphology. The grain 

size of the perovskite active layer was measured using SEM. The morphology roughness of the 

compact TiO2 and mesoporous TiO2 surfaces were extracted using AFM. X-ray diffraction was 

utilized to analyse the crystallographic properties of the perovskite materials prepared with 

different compositions. Regarding the optical properties, an UV-Vis Cary spectrometer was 

used to measure the transparency and absorbance of the films. Photoluminescence was 

measured using photoluminescence spectrometry for different compositions of the perovskite 

film. Minority carrier lifetime was measured using photoluminescence decay time technique. 

Regarding the electrical properties and characterisation, a four-point probe Hall measurement 

system was used to measure conductivity, resistivity and mobility of the conductive layer. The 

illuminated current-voltage curves of the solar cells were measured using sunlight simulator, 

Keithely meter and an I-V software. The current-voltage curves were analysed to determine 

the performance of the perovskite solar cells. 

2.2.1 Atomic force microscopy (AFM): 

Atomic force microscopy is a type of high resolution scanning probe method. Since it utilizes 

a laser for probe microscopy, it has a precision down to nanometre scales. It is considered as 

one of the most important instruments for imaging on the nanometre scale. An AFM utilizes a 

cantilever with a sharp probe tip and the imaging process depends on the force existing between 

the sharp tip and the surface of the specimen. Hence, it can scan the specimen surface 
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morphology and build a 3D picture of the object. Practically, once the probe tip become in 

close proximity to the sample surface, the forces between them, according to Hooke’s law, will 

deflect the cantilever. AFM uses the probe tip with the assist of a piezoelectric scanner for 

constructing the images instead of scanning samples electronically (SEM) or optically (Optical 

microscopy). Figure 2.10 illustrates the schematic drawing of an AFM using laser beam 

deflection technique. 

 

 

 

 

 

 

 

 

 

Figure 2.10: A schematic illustration of an Atomic Force Microscopy. 
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mechanical contact with the substrate and then scanned across the sample. Cantilever deflection 

is used to measure the shapes of the sample surface. Due to the forces created on the sample 

surface by the tip of the probe, it can result in sample damage or deformation. In non-contact 
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mode, the tip vibrates above the specimen and does not directly contact the surface of the 

specimen. In addition, the oscillation of the cantilever tip is close to its resonance frequency. 

Therefore, any long-range forces, such as attractive Van der Waals forces, can reduce the 

cantilever resonance frequency. In this mode of operation, if moisture is present on a sample, 

it will form a layer of humidity on the specimen, which will affect the image quality and 

resolution. Therefore, damage or deformation of the sample can be avoided by using tapping 

mode. Furthermore, if moisture is present on a specimen surface, the tapping mode is more 

accurate than the non-contact mode. Consequently, tapping mode was used in this work. In 

tapping mode, the cantilever utilizes a piezoelectric device attached to the top side, which 

oscillates at its resonance frequency.  

The main advantage of an AFM is that it is a powerful tool for high resolution imaging in air 

(no vacuum required) and used for conducting or non-conducting samples. It is not dependent 

on the material type as in the case of SEM. Information regarding the roughness of the surfaces, 

pattern dimensions and thickness down to nanometre scale can be obtained. However, the main 

downside is its slow scan speed and limited scan area. In this study, Digital Instruments from 

(Veeco Instruments Inc.) Dimension 3100 AFM were used in tapping mode.  The actual system 

utilised in this study is shown in Figure 2.11. The AFM was used to measure the surface 

topography and roughness of the compact TiO2 films. 

 

  

Figure 2.11: The Digital Instruments Dimension 3100 atomic force microscopy (AFM) system 

for imaging surface topography used in this study. 
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2.2.2 Scanning electron microscopy (SEM): 

Scanning electron microscopy is a high magnification instrument used to produce 3D images 

of conductive or metal coated specimens. Moreover, it provides a diverse information on the 

structural and morphological properties of materials such as grains size, phase, composition 

etc. It achieves this by scanning the surface with a concentrated beam of electrons instead of 

light. Hence, when electrons hit the sample, secondary electrons will be emitted, which then 

are detected by a secondary electrons detector. The interaction between the beam of electrons 

and atoms at the sample surface will generate different signals, which contain information 

about the physical features (topography) of the surface and the sample composition. These 

signals are detected by appropriate detectors (inLens secondary detector) and converted into a 

3D image. 

For SEM imaging, the specimen has to be conductive because the accumulation of electrons 

tend to charge the sample when there Si no conductive path to discharge. The detector will 

detect the secondary electrons emitted from the surface. The main features of this method is 

that it is very fast, has high resolution down to sub-nanometre scale and because it works in 

vacuum, it is clean and non-destructive. SEM can be used to image the cross-sections of 

different layers and produce black and white images. For an insulator (non-conductive) layer, 

the sample has to be coated by a 2 nm thick metal alloy of gold palladium (AuPd). For example, 

the cross-section of perovskite solar cells after device fabrication were measured using SEM. 

In this study, the Raith-150 electron beam lithography (EBL) is shown in Figure 2.12. The 

SEM was used to illustrate the cross-section of the perovskite solar cells and surface 

topography in addition to grains size of the perovskite active layer with different compositions . 

 

Figure 2.12: The Raith-150 electron beam lithography (EBL) and SEM system for imaging 

used in this study. 
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2.2.3 Current-voltage characterization: 

An example of a typical solar cell current-voltage characteristic curve is shown in 

Figure 2.13. This figure shows the dark and illuminated I-V curves where the dark 

characteristics represent a p-n junction diode and the illuminated  curve is shifted in the 

fourth quarter due to light generated power. The power generated by the solar cell can 

be extracted from this plot by multiplying the maximum voltage times the maximum 

current. There are three main key parameters that can be determined from this curve, 

these are; the open circuit voltage Voc, the short-circuit current density Jsc and the fill 

factor FF. The Voc represents the maximum voltage available at the short-circuit (SC) 

when the current is zero (no current) flowing through the device. The short circuit 

current (Isc) is the maximum current available at a solar cell when no voltage is applied 

across the device. The FF is the ratio between the ideal maximum power that can be 

generated by the solar cell and product of the maximum current and the maximum 

voltage from the SC. 

 

 

 

 

 

 

 

 

Figure 2.13: A characteristic curve of a solar cell (p-n junction) in dark and under illuminated 

conditions. 

A J-V curve of a solar cell under sun light illumination is shown in Figure 2.14. The 

current density-voltage (J-V) curve can be used to measure all main device parameters 

such as Jsc, Voc, FF, and the efficiency EFF%. Therefore, the performance of solar 

cells can be determined by measuring the current density-voltage (J-V) curve under 
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sunlight illumination condition. Typically, it is measured using sunlight simulator under 

Air Mass one AM1.5 condition. The temperature is kept at 25 ºC and simulated light 

intensity is kept constant at 100 mW/cm2. Figure 2.14 illustrates the (J-V) 

characteristics of a solar cell under illumination. For convenient, the J-V curve in the 

fourth quarter is flipped to show positive power.  

 

 

 

 

 

 

 

Figure 2.14: A typical (J-V) solar cell characteristic under illumination. 

 

Where: 

Ideal maximum power = Jsc  * Voc 

Maximum power = Jmax * Vmax 

Fill factor (FF)= 
Maximum power

Ideal maximum power
                                                         (2.1) 

Fill factor (FF) =  
𝐉𝐦𝐚𝐱 ∗ 𝐕𝐦𝐚𝐱

 𝐉𝐬𝐜  ∗ 𝐕𝐨𝐜
                                                 (2.2) 

The solar cell efficiency is calculated from the ratio of the maximum power produced to the 

input power received by the solar cell. 

Efficiency () = 
Power generated (output) 

 Input power  
 = 

Jmax ∗ Vmax

P𝑖𝑛
 

Efficiency () = 
𝐉𝐬𝐜  ∗ 𝐕𝐨𝐜∗𝐅𝐅

P𝑖𝑛
                                                                          (2.3) 
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Where, Pin is the incident (input) power (sunlight), which is typically set at 100 mW/cm2.In 

this project, (ABET Sun3000) solar simulator set at AM 1.5G condition was used as shown in 

Figure 2.15. Michael David Kelzenberg developed I-V software tools was  used in conjunction  

with Keithley instrument  to plot the J-V curves and extract the key parameters, EFF, Voc, FF, 

Jsc, Jmax, Vmax, Rs and Rsh [59]. All measurements were conducted at room temperature, and 

the light intensity was set at 100 mW/cm2 as the input light power. 

  

Figure 2.15: Left: a schematic of the ABET technology sunlight simulator. Right: the solar 

simulator (ABET technologies Sun 3000) that was employed to test our perovskite solar cells. 

 

Figure 2.16 shows the equivalent circuit of a typical p-n junction solar cell. Where the internal 

resistance (R series and R shunt)  represent losses  that are affecting the current voltage  output 

of the solar cell. 

 

 

 

 

 

 

Figure 2.16: A schematic of the equivalent circuit of a solar cell. 
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2.2.4 Electrical loss of shunt and series resistances: 

The series resistance (RS) is crucial in a solar cell. When the RS is low; the fill factor (FF) goes 

high. Therefore, device needs to possess a very low RS value; otherwise, it will decrease the 

FF. The FF can also decrease due to the recombination in the depletion region. Figure 2.17 

shows the impact of parasitic resistances for series and shunt resistances on the output 

characteristics of the solar cell. 

 

 

 

 

 

 

 

 

                             (a)                                                                                (b) 

Figure 2.17: An impact of parasitic resistances (a) RS and (b) RSH. 

 

 

2.2.5    Reference cell: 

An Abet technology model 15150-reference cell with KG5 filter traceable to NIST, NREL, 

Fraunhofer ISE and ISPRA standard artefacts were employed to certify our efficiency 

measurements. The full characterization of the reference cell is shown in Figure 2.18. Abet 

technologies model 15150-reference cell current –voltage characteristics. The reference cell 

was specifically designed for thin film and Dye-sensitized solar cells, which is appropriate for 

the perovskite solar cells characterization.    
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Figure 2.18: A current-voltage characteristic curve of the Abet reference cell measured using 

our sunlight simulator at the characterization laboratory, which was fabricated and tested at 

certified laboratory. 

 

The light intensity was calibrated using Abet technologies model 15151-reference cell under 

100 mw/cm2 illumination condition. Figure 2.19 shows the Abet technologies model 15150-

reference cell J-V curves measured at our Abet sunlight simulator set to 100mW/cm2 

illumination. All of our Perovskite cells that we are reporting in this study have been tested and 

calibrated using this system. Figure 2.20 shows a close up current-voltage characteristics curve 

of the reference cell. 
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Figure 2.19: A current-voltage characteristic curve of the Abet reference cell measured using 

our sunlight simulator at the characterization laboratory, which was fabricated and tested at 

certified laboratory. 

 

 

Figure 2.20: A close up current-voltage characteristics curve of the reference cell conducted 

using our Abet sunlight simulator at the characterization laboratory. 
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Table 2.1 is illustrating the reference solar cells parameters as conducted by our sunlight 

simulator system. This was used for comparison and calibration with solar cells fabricated in 

our laboratory and presented in this study. 

Table 2.1: Illustrates the reference solar cell parameters as conducted by our sunlight simulator 

system. 

EFF 6.70 % 

FF 70.8 % 

Voc 575.3 mV 

Jsc 16.46 mA/cm2 

Vmax 449.1 mV 

Jmax 14.93 mA/cm2 

Isc 0.065826 A 

Rsc 78.437 Ohm 

Roc 1.1045 Ohm 

A 4 cm2 

Incident  power 100 mW/cm2 

 

2.2.6    Contact angle measurement: 

The contact angle (θ) is the common technique utilized to measure the wettability of films and 

can be used to test whether the surface is  hydrophobic or hydrophilic. It provides a quantitative 

measurement of the moistening of a solid surface by deionized water. The sessile drop method 

is one of the most common ways to measure (θ). This method involves dropping a liquid such 

as DI water onto the sample surface, and then optical measurements were used to analyse the 

droplet shape. The contact angle is defined as the angle between the substrate surface and the 

tangent to the droplet boundary. The contact angle can be simply calculated by goniometry 

theories when the droplet shape stabiliser sometime after being dropped [60]. If the water 

droplet is nearly vertical ( 90 degrees), this means the surface is very hydrophobic. Otherwise, 

if the drop spreads widely( small angle close to zero), this means it is highly hydrophilic. Figure 

2.21 shows a schematic view of the contact angle after dropping the liquid on the surface based 

on the sessile droplet method. Young’s formula below shows the equilibrium contact angle(θC).  
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                                    𝐂𝐨𝐬𝛉𝑪 =
𝛃𝑺𝑽−𝛃𝑺𝑳

𝛃𝑳𝑽
                            (2.4) 

 

Where βSV, βSL, βLV are solid vapour, solid-liquid, liquid-vapour interfacial stress respectively. 

 

 

 

 

 

 

 

Figure 2.21: A schematic graph of the contact angle after dropping the liquid on the surface 

based on the sessile drop method.  

When the energy of the surface is high, the liquid will wet the sample solid surface and leads 

to a decrease in the contact angle, which is called hydrophilic. In contrast, when the energy of 

the surface is low, the liquid will undergo poor wetting of the sample surface and leads to a 

high contact angle, which is called hydrophobic. In this study, surface wettability was 

investigated using this technique. It is found that using lithium or Cobalt dopants changes the 

wettability of M-TiO2 surface to become a more hydrophilic surface compared to undoped M-

TiO2 surface. Chapter 4 and 6 illustrate the hydrophilicity surface of films doped with different 

dopants and solvents, which were studied using the contact angle system. 

2.2.7 UV-Vis Cary spectrometer: 

In this study, UV-Vis Cary spectrometer 6000i at the school of Physical and Chemical 

Sciences, University of Canterbury was used to measure the transparency and 

absorbance of the compact TiO2 layer, and the mesoporous TiO2 doped with Lithium 

and FK209 cobalt with different concentrations. It is also a fundamental machine to 

study the optical properties of the perovskite films. Cary device has been used to 

measure the absorbance and transparency of the active perovskite layer. Based on the 

absorbance data measured, the energy gap of materials can be extrapolated using Tauc 

plot method. One of the major limitations of using UV-visible spectrophotometry is the 
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inability to measure the scattered units of transmitted and reflected light. In this work, 

UV-Vis Cary spectrometer was used to measure the transparency and absorbance of the 

electron transport layers. Figure 2.22 shows the optical set up of Cary device 6000i.  

 

 

 

 

 

 

 

 

Figure 2.22: An optical set up of Cary spectrophotometer 6000i. 

 

Practically, the light source is passed through a silt and become, monochromatic, and then 

passed through a beam splitter. Samples were tested and compared to a reference cell to 

compensate absorbance (abs) of the light by the sample. Finally, the detector collect the 

intensity of the light that get transmit through the specimen and compared with the intensity of 

the incident light. The scan software calculates the transparency (T) based on Beer’s Law, 

which is the relation between the incident light directed on the sample (Is) and incident light 

directed on the reference cell (Ir).  

 

                                        T =
Is

Ir
= 10−𝑎𝑏𝑠                                 (2.5) 

                                         Abs = log10
Ir

Is
                                   (2.6) 

                     Transparency + absorptions +Reflection=1         (2.7)    
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The Cary Spectrophotometer 6000i device sued for transmittance measurements conducted  at 

the school of Physical and Chemical Sciences, University of Canterbury, is shown in Figure 

2.23. 

  

Figure 2.23: The Cary spectrophotometer 6000i for transmittance measurements used in this 

study. 

2.2.8 Hall Effect and resistivity measurements: 

In this work, four point probes Hall Effect and resistivity measurements were used to measure 

the conductivity, resistivity and mobility of the compact TiO2, and mesoporous TiO2 doped 

with lithium and FK209 cobalt with different concentrations. This method is based on the van 

der Pauw technique, which uses a current source to force a DC-current on the adjacent angles 

of the specimen, while measuring the voltage at opposite angles of the sample. Then, this 

measurement is repeated on each pair of connections to the conductive layer, and the resistance 

is measured based on Ohm's law. Accuracy of the measuring can be improved by applying both 

forward and reverse biases. As a result, an overall of eight-resistance measurements in total are 

made. Figure 2.24 shows an arrangement adopted for measuring the Hall voltage, which is 

managed by forcing the current on the cross corner and measuring the voltage through vertical 

orientation, while a magnetic field is applied vertical to the specimen. 

 

 

 

 

Figure 2.24: Arrangement followed for measuring the Hall voltage. 
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The average of the hall voltage is calculated by summation between measurements in the 

forward and reverse bias on different contacts and in two opposite directions of the magnetic 

field to reduce the effects of offset voltages generated by touch potentials. Where 𝐵N and 𝐵S 

are the magnetic fields. This formula was used to calculate the Hall voltage. 

Hall Voltage = 
(𝑉13,24

𝐵𝑁 −𝑉13,24
𝐵𝑆 )+(𝑉31,42

𝐵𝑁 −𝑉31,42
𝐵𝑆 )+(𝑉42,13

𝐵𝑁 −𝑉42,13
𝐵𝑆 )+(𝑉24,31

𝐵𝑁 −𝑉24,31
𝐵𝑆 )

8
              (2.8) 

 

Figure 2.25(a) shows the Spring Clip Boards (SPCB) used to measure the conductivity, 

resistivity and mobility, and (b) a special housing was utilized to centre the SPCB spring loaded 

board between the magnet poles. Figure 2.26 shows the EGK Hall Effect measurement system 

that was used to measure electrical properties of the film. 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                     (b) 

Figure 2.25: (a) the SPCB spring loaded board and (b) a special housing was utilized to centre 

the SPCB spring loaded board. 
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Figure 2.26: The EGK Hall Effect measurement system that used in this study to measure 

electrical properties of the layer. 

2.2.9 Photoluminescence Spectrometry measurements: 

Photoluminescence (PL) is the emission of light from a sample (material) after it absorb   

external photons typically from a laser source. PL is employed widely to study and characterize 

the electron/photon interactions in light sensitive materials. The laser photons falling on the 

sample get absorbed and excite photons of the material. Therefore, the emission radiation 

spectrum from the specimen can be utilised to investigate the impurities and defects in the 

material. The detector collects the radiated energy passing through the lens and a low-pass filter 

(LP450) is utilised to measure the number of photons emitted from the specimen. The Optics 

software “OceanView” was utilized to register the light absorbed by the detector. Changing the 

compositions of the perovskite active layer leads to changing the bandgap energy. This will be 

explained in more detail in chapter seven. Figure 2.27 shows a schematic drawing of the PL 

spectroscopy. Figure 2.28 shows a set up of PL spectroscopy and each parts of PL at the school 

of Physical and Chemical Sciences. 

 

 

 

 

 

 

Figure 2.27: A schematic diagram of the PL spectroscopy. 
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Figure 2.28: The PL spectroscopy set up shows each component at the school of Physical and 

Chemical Sciences, University of Canterbury, used in this study. 

 

 

2.2.10 Photoluminescence decay times: 

The photoluminescence decay time is a method to measure the minority carrier lifetime of the 

perovskite film. In this work, the PL decay time of different perovskite compositions were 

measured as shown in chapter seven. Moreover, perovskite deposited on mesoporous TiO2 

doped with lithium and FK209 cobalt were measured as described in chapter four. Figure 2.29 

shows a schematic drawing of the PL decay times. It consists of a continuous laser with 1 mW 

intensity as the light source, which was falling on the sample. The photons generated from the 

samples pass through focus lens and then passed to an LP filter. The LP filter collects these 

photons and the detector measures the lifetime of the photons decayed. Figure 2.30 shows the 

components of the PL decay time, which were established in the School of Physical and 

Chemical Sciences. An image of the PL decay times of each component was taken during the 

preparation of the principal components. 
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Figure 2.29: A schematic diagram of the PL decay times. 

 

  

Figure 2.30: Photos of the PL decay times of each components set up at school of Physical and 

Chemical Sciences, University of Canterbury, which was captured during the installation of 

main parts.  
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2.2.11 X-ray diffraction (XRD): 

XRD is a common and versatile technique that can analyse the  chemical composition and 

crystal structure of the materials. Due to internal stresses and defects, the XRD introduces 

information on how the actual structure deviates from the typical one [61]. In this study, the 

XRD was used to analyse the crystallographic properties of the perovskite materials prepared 

with different compositions. Figure 2.31 shows a schematic illustration of a working principle 

of XRD. When a surface of a material is bombarded with a continuous X-ray beam at a small 

incidence angle (1°), they are scattered in all directions by the material atoms. This scattering 

phenomenon is based on a Bragg’s diffraction law [62]. 

                                                   nλ=2d sin (θ)                                                       (2.9)    

Where, n is the interference peak order, λ is the wavelength of the incident X-ray, d is the 

spacing between the planes, and θ is the angle between incident x-ray beam and the 

crystallographic reflecting (scatter diffracted x-ray) plane. The detector collects the intensities 

of the scattered signals to acquire the diffraction pattern of the material with intensity of signal 

measured versus the (2θ) phase angle. When two atoms come close together, their atomic 

orbitals will overlap and their wave functions may combine in same phase (constructively) or 

out of phase (destructively). As a result, high and low intensity peaks can be observed at an 

XRD diagram. Herein, XRD analysis was conducted on different compositions of triple cation 

perovskite active layer to characterize the crystal structure as shown in chapter seven.  

 

 

 

 

 

 

 

 

 

Figure 2.31: A schematic illustration of a working principle of XRD using Bragg's law.  
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The XRD spectra were measured using Rigaku SmartLab X-ray diffractometer system for 

perovskite samples prepared with different composition. Figure 3.32 shows the Rigaku 

SmartLab XRD system at the school of Physical and Chemical Sciences, University of 

Canterbury, used in this study.  It is the newest novel high-resolution XRD system available 

present-day. The smartLab Guidance (Studio II) software was used for data collection, analysis 

and reporting. 

 

Figure 2.32: A photo of the Rigaku SmartLab X-ray diffractometer system at school of Physical 

and Chemical Sciences, University of Canterbury, used in this study. 
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Chapter Three 

Fabrication processes and properties of perovskite solar cells 

using DC sputtered compact TiO2 electron transport layer 

 

Part of this chapter (DC-sputtered ETL) was published in the following article: 

Ahmed Hayali, Maan M. Alkaisi, High efficiency perovskite solar cells using DC 

sputtered compact TiO2 electron transport layer. EPJ Photovoltaics, 8 (2021). 

https://doi.org/10.1051/epjpv/2021008. 
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3.1 Introduction: 

Due to the continued global energy demands, alternative energy sources that are sustainable 

and less harmful to the environment are being explored. Perovskite is a kind of organic-

inorganic hybrid materials, which has desired properties for solar cells such as strong 

absorption and low resistivity. Consequently, the organic-inorganic hybrid perovskite solar 

cells (PvSCs) have become a major player and have important applications in highly efficient 

SCs. PvSCs have been first developed in 2009 with a power conversion efficiency (PCE) of 

3.8% [1]. One decade later, it has reached an efficiency of over 25% [63]. The efficiency of 

PvSCs has been continuously improving by employing different materials for both the active 

layer and electron and hole transport layers as well as different fabrication processes and 

techniques. Researches have been focusing on how to improve the composition of the 

perovskite film to yield high-quality crystal structure [64] and how to improve the stability and 

PCE of PvSC [65, 66]. Although there are noticeable improvements in the PvSCs performance, 

their stability and reproducibility are still impeding market penetration and their wide-scale 

commercialization. Generally, both the electron transport layer (ETL) and the hole transport 

layer (HTL) form interfacing layers in PvSCs. The perovskite layer is sandwiched between the 

cathode (ETL) and anode (HTL) layers [67, 68]. Thus, understanding the role of interface 

layers is essential in any effort to improve the performance of the PvSCs. One of the critical 

layers that can determine the photovoltaic performance of the PvSCs is the ETL. Therefore, it 

is worth optimizing the ETL and understanding its effects on cell stability and efficiency. 

Although there are a number of materials such as SnO2 and ZnO that can be utilized as an ETL, 

most of the ETL materials used are based on titanium oxide (TiO2) due to its good conductivity 

and high transparency. For example, a typical value of the SnO2 transparency is about 90% and 

its conductivity is around 600 S/cm at room temperature [69]. Whereas, the transparency of the 

TiO2 is 90% over the visible range with much higher conductivity of 2.2*104 S/cm [70]. 

3.2 Literature of different types of electron transport layers (ETL): 

The ETL plays the main role in transferring electrons to the external electrodes and blocking 

the backflow of holes at the front contact. In addition to C-TiO2, mesoporous TiO2 (M-TiO2) 

is one of the most widely used as an ETL for the PvSCs. It has good stability, high transparency, 

excellent optoelectronic properties, and short deposition processes [71]. In addition, the M-

TiO2 layer can block holes and collect electrons because of its large surface area and ability to 

extract electrons by improving the interface layer [72]. Moreover, an effective balance between 
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the flux of holes and electrons can be achieved using the M-TiO2. The effective balance 

between holes and electronics flow in the mesoporous structured PvSCs has resulted in less 

current-voltage curve hysteresis compared with other types of ETLs. However, the 

transmission path of electrons in the C-TiO2 layer is much shorter than that in the M-TiO2 layer 

[16]. Improved performance of the PvSCs can be achieved by optimizing the ETL to prevent 

critical carrier recombination at the interfaces. 

Liu et al. have proposed using lithium doped C-TiO2 layer and achieved PCE of 17% [72]. A 

number of studies reported the optimization and improvement of the C-TiO2 layer to enhance 

the efficiency of the PvSCs [71,73,74]. However, most of these methods are complicated and 

require high temperature treatment. For example, Saliba et al. in 2018 demonstrated a 20% 

efficiency of PvSCs by using C-TiO2 prepared using aerosol spray pyrolysis and lithium salt 

doping of the M-TiO2 [75]. This technique requires high temperature treatment by holding the 

sample at 450 °C for 1 h. Another attempt in the same year, Sidhik et al. have studied the effect 

of using cobalt as doping for the M-TiO2, resulting in efficiency of 18% [76]. The ETL in their 

study consisted mainly of two layers. The first layer was a blocking TiO2 and the second layer 

was M-TiO2 treated with different concentrations of FK209. This method required two high 

temperature treatments, the first by holding the sample at 500 ºC for 1 hour and the second 

annealing the sample at 450 ºC for 30 minutes. Recently in 2021, Jeong et al. have reported on 

perovskite solar cells with PCE of 25.6 %, these cells have long-term operational stability (450 

hours) and show intense electroluminescence with external quantum efficiencies of more than 

10 %. Their ETL was prepared using high temperature process;“prior to the spraying process, 

the FTO substrates were placed on a hot plate and the temperature was increased to 450 °C 

rapidly. After the spray pyrolysis step, the substrates were stored at 450 °C for 1 h and then 

slowly cooled to room temperature. The FTO/C-TiO2 substrates prepared with M-TiO2 were 

heated at 500 °C on a hot plate for 1 h to remove organic compounds first, and then slowly 

cooled to 200 °C”before it eventually reach room temperature [63]. 

In the present work, DC-sputtering was used to deposit the C-TiO2. The DC-sputtering is a 

well-established technique employed for high throughput scalable manufacturing environment. 

It is low-temperature processing, which does not require holding the sample at elevated 

temperatures as compared with the aerosol spray pyrolysis of the C-TiO2 deposition method. 

Moreover, the perovskite film reported by Sidhik et al. was based on MAPbI3 (CH3NH3PbI3) 

[76]. We report here on Cesium Lead halide CsI0.05[(FAPbI3)0.85 (MAPbBr3)0.15]0.95 based 
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perovskite films. The transparency of C-TiO2 prepared using spin-coating, thermal oxidation 

or aerosol spray pyrolysis technique is about 80%, while the transparency of C-TiO2  prepared 

in this study by DC-sputtered is  more than  90% [77]. This level of transparency is suitable for 

solar cell applications, which is considered appropriate for perovskite based solar cells.  

There is no study, to our knowledge, that reported on the use of C-TiO2 deposited by DC-

sputtering with the M-TiO2 layer as an ETL. A combined C-TiO2 and cobalt FK209 doped M-

TiO2 were used as an ETL. Both cobalt FK209 doped M-TiO2 were spun coated after the 

deposition of C-TiO2. The effect of different DC sputtering powers and ratios of argon (Ar) to 

oxygen (O2) plasma during the deposition of the C-TiO2 were investigated. Finally, the 

influence of preparation conditions on the Jsc, Voc, FF, and PCE of PvSCs were observed. 

Furthermore, the reproducibility and stability of the cells were improved compared with other 

deposition methods. 

3.3 Fabrication process of perovskite solar cell with sputtered ETL:  

3.3.1 Materials: 

Generally, all basic materials were supplied commercially and were utilized as received 

without any extra purification. Conductive Soda Lime glass fluorine-doped tin oxide (FTO, 12-

15 Ω/sq) was sourced from MSE proTM supplies. Titanium dioxide (TiO2) paste (30NR-D), 

formamidinium iodide (FAI), and methylammonium bromide (MABr) were procured from 

Greatcell solar. Lead (II) iodide (PbI2) 99.9%, and lead (II) bromide (PbBr2) 99.9% were 

purchased from Luminescence technology corp. (Lumtec). Bis(trifluoromethane)sulfonimide 

lithium salt (Li-TFSI 99.9%), acetonitrile anhydrous, (99.8%), spiro-MeOTAD 99% 

(HPLC),chlorobenzene (95%),tris(2-(1H-pyrazol-1-yl)-4-tert-utylpyridine)cobalt(III)tri[bis(tr 

iflu oromethane)sulfoni- mide] FK209 Co(III) TFSI salt and 4-tert-Butylpyridine (TBP 98%) 

were bought from Sigma-Aldrich. Caesium iodide (CsI 99.998%) was purchased from Alfa 

Aesar. N,N-dimethylformamide (DMF, 99.5%) and dimethyl sulfoxide (DMSO, 99.9%) were 

acquired from Fisher Scientific. 

3.3.2 Substrate preparation: 

In this study, a commercially available FTO glass substrate was utilized. Practically, the glass 

substrate coated with FTO was etched one-third of its total area to allow for front contact 

formation. The zinc powder (Sigma-Aldrich) and dilute hydrochloric acid (2M) diluted in 

deionized (DI) water were mixed as an etching for the FTO coated substrate to avoid short 
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circuits during the characterization of the cell. Substrates were cleaned in the ultrasonic bath 

using acetone, methanol, and isopropanol for 10 min, 15 min and 5 min respectively. Finally, 

the substrates were dried with pure nitrogen and kept in the oven for 1h at 100 °C. Oxygen 

plasma Ashing was used for 10 minutes to clean and remove any residual organic particles on 

the substrates. This is to improve the adhesion between the FTO and subsequent layers. 

3.3.3 Preparation of electron transport layers (ETL): 

The DC sputtering power controls the yield and the sputtering rates determines the quality of 

the material. Higher sputtering rates results in faster arrival rate of atoms per seconds at the 

substrate. There is an optimum rate at which continuous high quality film is formed and possess 

the required electron transport property. In sputtering process, Ar determine the ion density and 

the O2 is present to supply the required oxygen to form the TiO2 oxide film. The correct flow 

rates of Ar and O2 during the DC sputtering process are essential to form compact TiO2 film. 

The DC power and deposition rate are therefore influencing the quality of the thin film 

materials, produce structures that are dense and has smooth surfaces as desired. This 

consequently, determine the conductivity and transparency of the C-TiO2 film.  

Two main layers were used in this work as an ETL, they were C-TiO2 and M-TiO2. The C-

TiO2 layer was deposited using DC- sputtering with a titanium target (3” diameter X 0.25” 

thick and 99.995% purity). The DC-sputtering source is powered by 200 W and the process 

plasma were a mixture of  Argon (Ar) and Oxygen (O2) with  flow rates of  6 and 12 standard 

cubic centimeters per minute (sccm) respectively. The C-TiO2 film was deposited onto the FTO 

substrate with thicknesses between 60-70 nm forming an amorphous TiO2 film.  

The second layer is called the mesoporous TiO2 (M-TiO2), which was prepared by using 150 

mg of TiO2 paste (30N-RD) dissolved in 1 mL of ethanol. This liquid mixture is stirred 

vigorously overnight at temperature of 70 ºC. Doping of M-TiO2 was obtained by adding cobalt 

FK209 salt to further enhance the electronic transport layer properties. In chapter four, the 

details of FK209 cobalt doping will be discussed and investigated. The doping solution was 

prepared by mixing cobalt (2.5 mg) with acetonitrile (200 µL) then added to the M-TiO2 

solution. Cobalt doped M-TiO2 was deposited by spin coating resulted in150 nm thick films 

based on setting the spinner at a speed of 4000 rpm with 2000 rpm/s acceleration for 10 s. After 

finishing the spin coating process, the film was dried for a few minutes by preheated at 100 °C 

on hot plate. Then increase the temperature gradually to 125 °C then hold samples for 5 min. 
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The heating cycle was repeated by increasing the temperature to 375 °C for 15 min and hold 

for 5 min. Finally, increasing the temperature to 450 °C then keep samples on the hot plate for 

30 min to form an anatase phase during the annealing process. All the annealing processes were 

performed at the laboratory ambient. Practically, a glass lid was used to cover the samples on 

the hot plate during the whole annealing process to enable a more temperature uniformity 

distribution over the substrate. Once the above process is finished, the samples were left on the 

hot plate to gradually cool down to 125ºC before moving to the glove box to deposit the 

perovskite layer at room temperature. The samples were kept in a pure nitrogen circulated glove 

box. 

3.3.4 Preparation of active perovskite layer: 

The temperature inside the glove box was kept between 21 and 27 °C as higher temperatures 

above 28 °C might affect the quality of the perovskite layer. Temperature higher than 28 °C 

during film preparation is known to influence the crystallization of perovskite and thus on the 

perovskite film quality [75, 78]. The active perovskite layer was prepared by a method 

described elsewhere [79]. Table 3.1 shows the main materials used to prepare the perovskite 

precursor.  

Table 3.1: Main materials used to prepare the perovskite precursor. 

Chemical name Symbol Company Name Molar ratio Molecular weight 

Formamidinium iodide FAI DYE SOL 1 mole 171.97 mg/mole 

Methylammonium bromide MABr DYE SOL 0.2 mole 111.97 mg/mole 

Lead iodide PbI2 Lumtec 1.1 mole 461.9 mg/mole 

Lead bromide PbBr2 Lumtec 0.2 mole 367.01 mg/mole 

Caesium iodide CsI Lumtec 1.5 mole 259.809 mg/mole 

Principally, anhydrous dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were 

prepared by the volume ratio of DMF: DMSO 4:1 (v:v).The chemical formula of the perovskite 

material used in this study is CsI0.05[(FAPbI3)0.85(MAPbBr3)0.15]0.95. Using the concentration in 

Table 3.1, the solution precursor was prepared. The CsI is prepared by dissolving 1.5 M of CsI 

in DMSO. Hence, a 5% ratio of the CSI was added to the total precursor to attain the required 

“triple-cation composition” [79]. The final stock of (5% CSI and solution of perovskite 

precursor) inside the glovebox was deposited by two steps spin coating method:  first step, was 

dispensing 100 µL of final stock on the sample (TiO2 covered FTO sample as an ETL), then 

using a low spinning speed of 1000 rpm for 10 s to ensure full surface coverage. A second step 
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uses a high speed of 6000 rpm for 20 s was followed. After 15 s, a 220 µL of chlorobenzene 

(CBZ) was quickly poured by pipet in the middle of the 2.5 x 2.5 cm2 sample ten seconds 

before the end of the spinning. This step is critical as longer or shorter times can results in poor-

quality films. As a result, both (DMSO/ DMF) have been removed from the substrate by CBZ 

during spin coating. After finishing the heating program, perovskite film looks semi-

transparent and after annealing at 100 °C for 40-50 min, it became dark brown colour.     

3.3.5 Preparation of Hole Transport Layer (HTL) and Gold electrode: 

Figure 3.1 illustrates the schematic for PvSCs fabrication procedure followed in this work. 

 

 

 

 

 

 

 

 

 

 

Figure 3.1:  Schematic steps of the fabrication procedure followed to construct the PvSCs. The 

compact TiO2 was DC sputtered in an Ar/O2 plasma. The perovskite is prepared inside a N2 

atmosphere glovebox.  

The HTL was prepared by dissolving 75 mg of spiro-MeOTAD in 1mL of CBZ. Then adding 

29µL of 4-tert-butylpyridine (TBP) to the spiro-MeOTAD mixture. A 520 mg of lithium salt 

bis (trifluoromethane) sulfonimide was dissolved in 1 mL of acetonitrile, and a 300 mg of 

cobalt FK209 salt was dissolved in 1 mL of acetonitrile. Finally, adding 18µL of Li+ salt TFSI 

and 30 µL of cobalt salt FK209 to the stock solution of spiro-MeOTAD as additives. A 100µL 
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of the final stock solution is deposited at the beginning of the spinning with rotation at 4000 

rpm for 20 s. This layer should look homogeneously distributed and smooth over the sample 

area due to using dynamic deposition method. Then, 70 nm of gold was deposited by electron 

beam evaporation as the back electrodes. In this work, a shadow mask (heat resistance paper) 

was used to form a pattern of Au electrode onto the cell. 

3.4 Results and discussion: 

3.4.1 Electrical and structural properties of compact TiO2 layer ETL: 

To understand the influence of the C-TiO2 on the performance of the PvSCs, the C-TiO2 film 

was deposited using DC-sputtering at different powers. Four film layers prepared with different 

powers (180, 200, 220 and 240 watt) were deposited on FTO substrates and studied. The 

electrical and electronic properties of these layers were measured using van-der-Pauw four-

probe method. It can be seen from Table 3.2 that the conductivity of the C-TiO2 sputtered at 

200 W is higher than other layers sputtered at different DC powers. Besides, the mobility of 

the C-TiO2 layer sputtered at 200 W is also higher compared with other preparation conditions. 

The conductivity of the C-TiO2 sputtered at 200 W was measured for samples prepared at 

different ratios of Ar and O2. It can be noticed from Table 3.3 that the optimum ratio of Ar and 

O2 is equal to 6 and 12 sccm respectively. This optimum ratio of Ar/O2 achieved high 

conductivity value of 1.6*103 [S/cm] and low resistivity of 6.15 *10-4 [Ω.cm]. 

 

Table 3.2: Electrical properties of the compact TiO2 prepared with different DC powers 

measured using the van-der-Pauw four-probe method. 

 

 

 

Name 
Conductivity 

(σ) [1/Ω.cm] 

Bulk resistivity (ρ) 

[Ω.cm] 

Mobility (µ) 

[cm2/v.s] 

Compact TiO2 (180 W) 9.64*102 1.03*10-3 5772.8 

Compact TiO2 (200 W) 1.624*103 6.15*10-4 5429.6 

Compact TiO2 (220 W) 1.16*103 8.6*10-4 1316.6 

Compact TiO2 (240 W) 1.25*103 7.99*10-4 873.86 
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Table 3.3: Electrical properties of the compact TiO2 fabricated with different ratios of Ar/O2 

plasma measured using the van-der-Pauw four-probe method. 

Name 
Conductivity (σ) 

[1/Ω.cm] 

Bulk resistivity (ρ) 

[Ω.cm] 

Mobility (µ) 

[cm2/v.s] 

C-TiO2 (200 W) Ar(6) O2(6) 902.35 1.1*10-3 1,272 

C-TiO2 (200 W) Ar(6) O2(12) 1,624 6.15*10-4 5,429.6 

C-TiO2 (200 W) Ar(12) O2(6) 66.33 1.507*10-2 1,802.3 

C-TiO2 (200 W) Ar(12) O2(12) 183.44 5.45*10-3 6,229.2 

 

Since the properties of the C-TiO2 layer play a significant role in the overall performance of 

the PvSCs, the C-TiO2 surface topography was investigated with atomic force microscope 

(AFM) digital instruments (Veeco Instruments Inc. DI 3100), and scanning electron 

microscope (SEM) based on a Raith-150 EBL machine. ImageJ software was used to calculate 

the grains size and Origin9 software was used to draw their histogram. Figure 3.2 shows that 

the surface of the C-TiO2 sputtered at 200 W has denser grains as compared with samples 

sputtered at (180, 220, 240) watts. Furthermore, the C-TiO2 film sputtered at 200 W resulted 

in a smoother surface and was more homogeneous compared with other layers. This is 

demonstrated by the low surface roughness of the “root mean square” (RMS). The surface 

roughness value of the C-TiO2 sputtered at 200 W is 17 nm, which is lower than films deposited 

at different DC powers. It is found that the C-TiO2 sputtered at 200 W gave improved 

performance as it provided smoother interface with the M-TiO2 layer. The SEM images in 

Figure 3.3 show that the grains size of the DC sputtered C-TiO2 film powered at 200 W is 

smaller than the grains size of the other layers. Based on the C-TiO2 powered at 200 W, grain 

sizes between 50-200 nm were obtained with an average size of 90 nm. 

 

 

 

 

 



Fabrication processes and properties of perovskite solar cells using DC sputtered compact TiO 2 ETL        Chapter 3 

 

53 

 

    

(a) Compact TiO2 (180w) 

     

(b) Compact TiO2 (200w) 

     

(c) Compact TiO2 (220w) 

      

(d) Compact TiO2 (240w) 

Figure 3.2: AFM images of surface topographic structure of the compact TiO2, films were 

grown by DC-sputtering with different powers (180W, 200W, 220W and 240W). On the right 

a two dimensional and on left three dimensional AFM images of each sputtered DC power. 
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(a) SEM image of compact-TiO2-180W and a histogram showing an average grain size of 163 nm.                                                               

 
50 100 150 200 250

0

20

40

60

80

100

120

140

160

 

 

C
o
u
n
t

Length (nm)

 Length

 

(b) SEM image compact-TiO2-200W and a histogram showing an average grain size of 90 nm 
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(c) SEM image compact-TiO2-220W and a histogram showing an average grain size of 161 nm 
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(d) SEM image compact-TiO2-240W and a histogram showing an average grain size of 153 nm 

Figure 3.3: SEM images of surface morphology structure of the compact TiO2 layer, films were 

grown by DC-sputtering with different DC powers. 
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3.4.2 Optical properties of compact TiO2 layer: 

Figure 3.4 shows the transparency of FTO glass covered with C-TiO2 having a thickness of 70 

nm. It is worth noting that the C-TiO2 has approximately the same transparency as the bare 

FTO glass. It can be seen that the transparency of the C-TiO2 prepared with different DC 

powers has more than 90% transparency over the visible wavelength range. Figure 3.5 presents 

the absorbance of the C-TiO2 measured using Ultraviolet-Visible spectrometry. From the 

curves shown in Figure 3.5, there is a weak absorption between 350-800 nm, and a much higher 

absorption between 250-350 nm in accordance with the expected absorption spectra for TiO2. 

Cary Ultraviolet-Visible spectrometer 619 (Cary 6000i) was utilized to measure the C-TiO2 

layer absorbance and transparency versus wavelength. 

 

Figure 3.4: Optical properties of C-TiO2 coated FTO glass, showing the transparency of the 

FTO glass without and with a C-TiO2 film prepared with different sputtering powers. 
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Figure 3.5: Optical properties of C-TiO2 coated FTO glass, illustrating the absorbance spectrum 

of the FTO glass without and with a C-TiO2 prepared with different sputtering powers. 

Figure 3.6 shows that the highest transparency of >90%  is achieved when the ratio of O2 to Ar 

is 6 to 12 sccm. Figure 3.7 presents the absorbance of the C-TiO2 film prepared at different 

ratios of Ar and O2. 

 

Figure 3.6: Transparency of C-TiO2 coated FTO glass prepared at different ratios of Ar and O2 

and constant 200W DC sputtering condition. 
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Figure 3.7: Absorbance of C-TiO2 coated FTO glass prepared at different ratios of Ar and O2 

and constant 200W DC sputtering condition. 

Figure 3.8 shows the energy gap of C-TiO2 coated FTO glass with different sputtering powers. 

The optical band gap energy of the films can be extrapolated from the absorption data using 

Tauc plot method [80]. The concept of Tauc plot method will be mentioned in this chapter. The 

Tauc plot is constructed from the absorption spectrum showed in Figure 3.5. The optical band 

gap of the films deposited with different DC powers is measured using extrapolation method. 

The energy gap was extracted from the tangent of the Tauc plot. The energy gaps for 180 W, 

200 W, 220 W and 240 W DC powers are 3.51 eV, 3.48 eV, 3.42eV, and 3.56 eV respectively. 

 

Figure 3.8:  Energy gap of C-TiO2 coated FTO glass prepared with different sputtering powers, 

extrapolated using Tauc plots.  
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The optical bandgap energy of the prepared films can be extrapolated from absorption data 

using Tauc plot method as described below. 

The relationship between the optical wavelength λ (nm) and the hѵ energy (eV) of photons is 

given by this formula: 

                                                     λ (nm) =
ℎ∗𝐶

𝑝ℎ𝑜𝑡𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 ( 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 )
                                       (3.1) 

Where,  

h: Planck’s constant = 6.625*10-34   m2.kg/sec 

C: Speed of light = 3*108 m/sec 

                                      λ (nm) =
6.625∗10−34 ∗ 3∗108

1.6∗10−19 ∗  𝐸𝑝ℎ𝑜𝑡𝑜𝑛
                              

                                      λ (nm) =
1242∗10−9

 𝐸𝑝ℎ𝑜𝑡𝑜𝑛
                             (3.2) 

 

             

                                                  hν energy (eV) =
1242∗10−9

λ (nm)
                       (3.3) 

 

In Tauc plot, we have (αhѵ)n on the y-axis. 

Here, hѵ is the incident photonic energy and alpha (α) is the absorption coefficient. α can be 

calculated from absorbance data using Beer Lambert’s law. 

 

 

 

 

 

Figure 3.9:  Beer Lambert’s law 
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In Figure 3.9, “I” is the intensity of the transmitted light, “Io” is the intensity of incident light, 

“α” is the absorbance coefficient and “L” is the path-length of light in which absorbance take 

place. 

                               Transmission =  
I

Io
= e−αL                                      (3.4) 

By taking log on both sides. 

log(
I

Io
) = log( e−αL) 

log(
I

Io
) = −αL log( e1) 

-log(
I

Io
) = 0.4343αL 

log(
Io

I
) = 0.4343αL 

So, absorbance = Abs = log(
Io

I
) = 0.4343αL 

Abs = 0.4343 α L 

α =
Abs

0.4343L
   

                    α =
2.303Abs

L
             (3.5) 

                αL=2.303*Abs=ln(10)*Abs             (3.6) 

Eventually, the equation of the Tauc plot is:  

(α hν) = (2.303 x Abs x hν)m 

Generally, the band gap is related to absorption coefficient as shown below: 

α(ν)hν = B(hν - Eg)m 

Where, 

α: absorption coefficient,   

ν: is the frequency of the incident light, 

hѵ: incident photon energy 

B: a constant, 
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m= 2 for amorphous or indirect band gap,  

m= 0.5 for direct band gap, 

Therefore,    (𝐴𝑏𝑠 hν)
1

𝑚 = 𝐶(hν − 𝐸𝑔) 

Where, 𝐶 = (
2.303𝐵

𝐿
)

1

𝑚 

Figures 3.8 (Tauc plot) shows the relation between hѵ (ev) vs (𝐴𝑏𝑠 hν)
1

𝑚 or (αhν)2. Where, hν 

is the incident photon energy and Abs is absorption of film.  

3.4.3 Device and measurement characterization: 

Figure 3.10 illustrates the main structure of the PvSC device and a picture of the perovskite 

cell fabricated in this work. Current density-voltage (J–V) characteristics curves of the PvSCs 

were obtained by employing a sunlight simulator (ABET Sun3000) under AM 1.5G (100 

mW/cm2) illumination. The overall sample size is 2.5 x 2.5 cm2. The active device area used 

to calculate the efficiency is defined by the back gold contact area of 0.36 cm2. The rest of the 

device was masked with black tape. The number of samples used for each experiment was at 

least 10. 

 

                                                                                                                           

 

(a)                                                             (b) 

Figure 3.10:  (a) Schematic structure of the PvSC and (b) photo of the perovskite cell 

fabricated in this work showing the back Au electrode.  

Figure 3.11 shows a detailed schematic structure of the PvSC. The cross-section of the sample 

was obtained using SEM imaging. Figure 3.12 illustrates an SEM image of the cross section of 

the complete PvSC device.  

      

 e- 
 h+ 
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Figure 3.11:  Schematic structure of the PvSC fabricated in this work. 

                                                           

(a)Magnification=42.55K 

                                               

(b) Magnification=24K 

Figure 3.12: An SEM image of the cross section of the perovskite solar cell device fabricated 

in this work. Magnification of (a) 42.55K and (b) 24K.  
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Figure 3.12(a) shows an SEM image of a cross-section across the different layers of a whole 

PvSC structure and allows verification of thickness, actual structure of each layers and 

interfaces between the different layers. Figure 3.12(b) shows a large cross-section to verify the 

uniformity of the films. The sample was coated by a very thin metal of gold palladium (AuPd) 

2-10 nm thick to facilitate SEM image. The different layers stack architecture is illustrated as 

labelled for a complete device composed of (FTO/ C-TiO2/ M-TiO2 doped with FK209/ 

Perovskite CsI0.05[(FAPbI3)0.85(MAPbBr3)0.15]0.95/ spiro-MeOTAD, and the Au electrode.  The 

optimized perovskite solar cell comprises of a 70 nm thick C-TiO2 layer, a 150 nm thick cobalt 

FK209 doped M-TiO2 film. The active perovskite layer thickness is averaged at 350 nm, a 180 

nm thick of the spiro-MeOTAD, and finally a 70 nm of the electron beam evaporated gold as 

the backside electrodes for the solar cell. 

3.4.4 Current-Voltage characteristics: 

All current density voltage (J-V) characteristics were conducted using sunlight simulator. 

Samples measurements were taken at room temperature of 21-27 °C. The active area is defined 

by the area of the window opening on the otherwise masked backside of the glass substrate. 

Measured value of the active device area in this study is larger than most of the reported areas 

in the literatures [16, 70, 71, 73-75, 77]. The cells were exposed to simulated sunlight through 

this window. Furthermore, we are using FTO glass substrate with sheet resistance of 12-15 

Ω/sq. When all of these factors were taken into considerations, the average forward and reverse 

scan of Jsc were 24.5mA/cm2. This is consistence with the highest Jsc obtained with PvSC [2]. 

In this work, we present the full electrical characterization of PvSCs including forward, 

backward scanning, series resistance, shunt resistance, maximum voltage, maximum current, 

open circuit voltage, fill factor, current, current density and efficiency. These parameters and 

how the series and shunt resistance is correlating with device performance are not given in 

most literatures.  

In this study, we report for the first time on the use of DC sputtered compact TiO2 layer as 

electron transport layer in perovskite solar cells that produced an average efficiency of 16% 

over 20 samples prepared under same conditions. Figure 3.13 displays the (J-V) characteristic 

curves of the PvSCs based on C-TiO2 DC sputtered at (180 ,200, 220, 240) watt. All electrical 

parameters of the PvSC including the DC powers used for the deposition of the C-TiO2 are 

shown in Table 3.4. It is demonstrated that the PvSCs based on sputtered C-TiO2 and cobalt 

doped the M-TiO2 as an ETL achieved the highest efficiency with an average PCE of 16%.  
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Table 3.4: perovskite solar cell key parameters measured for C-TiO2 DC sputtered films at 180, 

200, 220, and 240 watts. Where an averaged efficiency of 16% was obtained at 200W. 

Sample 

description 

Sweep 

Direction 

EFF

% 
FF% 

Voc 

[mV] 

Jsc 

[mA/Cm2] 

Vmax 

[mV] 

Jmax 

[mA/Cm2] 

Isc 

[mA] 

Rshunt 

[Ω.cm2] 

Rseries 

[Ω.cm2] 

Compact- 

TiO2 

Based on 

180W 

Forward 12.8 55.5 959 23.1 668 18.7 8.3 470 10.8 

Backward 15.7 64 1047 22.3 808 18.9 8.09 485 8 

Average 14.2 59.7 1003 12.7 738 18.8 8.2 477.5 9.4 

Compact- 

TiO2 

Based on 

200W 

Forward 15.3 57.4 992 25.8 696 21 9.3 1465 9.5 

Backward 16.7 65.5 1052 23.3 808 20.1 8.4 5036 6.5 

Average 16 61.4 1022 24.5 752 20.5 8.85 3250 8 

Compact- 

TiO2 

Based on 

220W 

Forward 14.7 57 989 24.2 696 19.9 8.7 56389 11 

Backward 16 62.4 1021 23.3 752 20.1 8.4 56389 8.8 

Average 15.3 59.7 1005 23.7 724 20 8.5 42239 9.9 

Compact- 

TiO2 

Based on 

240W 

Forward 13 53 949 24.7 612 20.4 8.9 906.5 14 

Backward 15 59 1026 23.8 752 19.5 8.6 4174 11.2 

Average 14 56 987 24.2 682 19.9 8.7 2540 12.6 

The measurement was repeated a few times and averaged with resulting current density (Jsc) 

of 24.5 mA/cm2, fill factor (FF) of 61.4% and open-circuit voltage (Voc) of 1021 mV. The C-

TiO2 layer deposited using DC sputtering at 200 W gave the highest efficiency of 15.3% 

forward and 16.7% in the backward (reverse) scan compared to solar cells prepared at other 

DC power. The PCE has improved by 17% in forward scanning and 11% backward scanning 

for the C-TiO2 sputtered at 200 W compared to the C-TiO2 sputtered at 240 W. There is an 

increase of about 19% in forward scan and 6% in reverse scan in PCE for C-TiO2 sputtered at 

200 W compared to the C-TiO2 sputtered at 180 W. This is in agreement with the decrease in   

resistivity in layers deposited at different powers as shown in Table 3.2. The variations in short 

circuit current density were small between samples and, averaged around 24 mA/cm2 in 

forward and backward scanning but it has dropped to about 22 mA/cm2 for C-TiO2 sputtered 

at 180 W.  The Voc is maintained at about 1 V for all types in the forward scanning, and was 

slightly more than 1 V in the backward scanning. The FF has improved by 3.4% and 8.3% in 
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forward scanning and 2.3% and 11% in backward scanning for the C-TiO2 prepared at 200 W 

compared to the C-TiO2 sputtered at 180 W and 240 W respectively. We attribute this 

improvement in PCE to drop in the resistivity of the C-TiO2 sputtered at 200 W layer comparing 

to others as shown in Table 3.2. 

 

 

Figure 3.13: J-V characteristic curves of the fabricated PvSC based on C-TiO2 DC sputtered 

at 180,200,220, and 240 watts. Top figure, backward scanning and bottom figure, forward 

scanning. 
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All the results presented in this study were conducted on an active area of 0.36 cm2. However, 

for scaling up comparison, cells with active area of 0.5cm2 and 1cm2 were also fabricated and 

tested. The forward and reverse scans efficiency of the 0.5cm2 and 1cm2 were 14.8%, 15.1% 

and 11.5%, 12.1% respectively. The efficiency of the 1cm2 device is considerably lower than 

the 0.36 cm2 device due to increased defect density, however, scaling up is beyond the scope 

of this work. The combination of the DC sputtered compact TiO2 (200 W) ETL with the cesium 

Lead halide CsI0.05 [(FAPbI3)0.85 (MAPbBr3)0.15]0.95 based perovskite offered the potential for 

scaling up and resulted in a more reproducible cells with high stability [76]. Table 3.5 shows 

details of perovskite solar cells key parameters measured for large active area of (0.5 cm2 and 

1 cm2). Figure 3.14 shows the J-V characteristic curves of the fabricated large area PvSCs. 

 

Table 3.5: perovskite solar cells key parameters measured for large active area of (0.5 cm2 and 

1 cm2). 

Sample 

description 

Sweep 

Direction 
EFF% FF% 

Voc 

[mV] 

Jsc 

[mA/Cm2] 

Vmax 

[mV] 

Jmax 

[mA/Cm2] 
Isc [mA] 

Rshunt 

[Ω.cm2] 

Rseries 

[Ω.cm2] 

Active area 

=0.5 cm2 

Forward 14.8 62 1029 23.2 733 20.56 11.6 1534 10.9 

Backward 15.1 64 1070 22.1 800 19.2 11.05 1564 9.5 

Average 14.9 63 1049 22.6 766 19.8 11.3 1549 10.2 

Active area 

=1 cm2 

Forward 11.5 52.7 1035 21.1 668 17.23 21.1 932 16 

Backward 12.1 54.5 1053 21.1 696.1 17.4 21.1 1003 14 

Average 11.8 53.6 1044 21.1 682 17.31 21.1 967.5 15 
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Figure 3.14: J-V characteristic curves of the fabricated PvSC for big active area (0.5 cm2 and 

1 cm2). Left figure, forward scanning and right figure, backward scanning. 

 

3.4.5 Reproducibility and stability of the perovskite solar cells: 

 

To examine the reproducibility of our devices and materials, we have prepared 20 solar cells 

all with DC sputtered C-TiO2 layers. Ten samples were fabricated using DC-sputtering 

powered at 200 W and 5 samples at each of the other DC powers. The stability of the fabricated 

devices were studied by measuring the solar cell parameters (EFF%, FF%, Voc, Jsc, Vmax, Jmax, 

Isc, Rshunt, and Rseries) under sunlight simulator condition AM 1.5G [100 mW/cm2] and was 

monitored over 60 weeks period. Figures 3.15 and 3.16 illustrate the forward and reverse scan 

efficiency measurements conducted over the length of 60 weeks in two different atmospheres, 

in a vacuum held desiccator Figure 3.15 and in laboratory ambient Figure 3.16. The drop in 

efficiency was from 2% to 5% during the 10 weeks period measured at one week intervals. Ten 

samples were tested for stability studies and some samples were kept in a desiccator and 

compared with samples kept in laboratory ambient for stability measurements. The average 

drop for all samples was 15%. Not all of the samples efficiency dropped at the same rate, so 

Figure 3.15 and 3.16 show the variation in efficiency for typical samples as measured weekly.  

In this part, the experimental conditions, the illuminated current-voltage characteristics of the 

fabricated PvSC and the electrical conductivity, mobility and optical transmission and 
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absorption data for the C-TiO2 layer have been presented. The reproducibility and stability of 

the fabricated solar cells were conducted over 60 weeks period and with 20 samples under 

study. The reasons behind the improved performance of DC sputtered ETL as compared with 

the spray deposition method will be discussed.   

 

Figure 3.15: Variations in the efficiency of the perovskite solar cells measured over 60 weeks 

period in weekly intervals. Device were kept in controlled desiccator for this part of the 

stability testing. Left figure, backward scanning and right figure, forward scanning. 

 

 

Figure 3.16:  Variations in the efficiency of the perovskite solar cells measured over 60 

weeks period in a weekly intervals. Devices were kept in laboratory ambient. Left figure, 

backward scanning and right figure, forward scanning. 
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As prepared champion device in the forward and reverse scanning were 15.3% and 16.7% 

respectively. Four weeks later, the efficiency in the forward and reverse scanning dropped to  

15% and 16.5% respectively.  After eight weeks, the efficiency in the forward and reverse 

scanning was about 14.6% and 16% respectively. The percentage of drop in efficiency is 

monitored over the 60 weeks period while the test was conducted. We did not observe any 

large variations in the efficiency or variations from sample to sample when prepared under 

same conditions an indication that DC sputtered compact TiO2 offer greater reproducibility and 

stability compared to other techniques [76]. However, samples stored in ambient condition 

exhibit drop in efficiency of 19% as compared to those kept in a desiccator were an average of 

14% drop is observed, which is in agreement with the trend observed in perovskite based solar 

cells [70].  

 

3.5 Conclusion: 

We have investigated the role of DC power and the Ar to O2 ratio in sputtered TiO2 to form 

compact TiO2 ETL layer suitable for high efficiency perovskite solar cells. An optimum 

sputtering condition to obtain the desired TiO2 layer was found to be 200 W DC power with 

Ar (6 sccm) and O2 (12 sccm). To further improve the electron transport layer (ETL), FK209 

cobalt doped M-TiO2 were deposited on C-TiO2 to increase its conductivity. The combined DC 

sputtered C-TiO2 and cobalt doped M-TiO2 has resulted in solar cells efficiencies higher than 

15%. It has been found that the C-TiO2 sputtered at 200 W possess higher conductivity and 

carrier mobility as compared to C-TiO2 sputtered at other DC powers. Moreover, the surface 

roughness of the C-TiO2 sputtered at 200 W is almost 38% smaller than the C-TiO2 prepared 

at other DC powers. Perovskite material deposited on the optimized C-TiO2 and cobalt doped 

M-TiO2 produced solar cells with higher, Jsc, Voc, and FF and efficiencies as high as 15.3% 

in forward and 16.7% at backward scanning. Cells prepared at these conditions have shown 

high reproducibility and stability. 15 samples were prepared and tested, and the variation in 

efficiency of less than 5% was observed. An average efficiency drop of 19% were found when 

kept in ambient condition and 14% drop when kept in the desiccator over 60 weeks exposure 

to standard sunlight at room temperature.  
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Chapter Four 

Properties of cobalt FK209 doped electron transport layer 

 

Part of this chapter was published in the following article: 

 

Ahmed Hayali, Roger J. Reeves, and Maan M. Alkaisi. 2022. “Influence of FK209 Cobalt 

Doped Electron Transport Layer in Cesium Based Perovskite Solar Cells” Applied Sciences 

12, no. 18: 9382. https://doi.org/10.3390/app12189382. 
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4.1 Introduction 

The efficiency and stability of the PvSCs depend not only on the perovskite film quality, but 

they are also influenced by the charge carriers of both the electron transport layer (ETL) and 

the hole transport layer (HTL). Generally, doping of the carrier transport layers is considered 

an effective technique applied to enhance the efficiency and performance of the PvSCs. Since 

ETL plays a significant role in the performance of perovskite solar cell, doping of ETL is one 

of the most common approaches and effective strategies used to improve the performance of 

the PvSCs. The ETL has also a significant influence on the morphology, optical properties and  

consequently on the perovskite film quality. Different materials have been employed in the 

fabrication of the ETL [81]. However, titanium dioxide (TiO2) is still the dominant material 

used in the ETL because of its high transparency, good stability and low cost [77]. The undoped 

mesoporous TiO2 (M-TiO2) possess gap defects forming electron traps between the conduction 

and valence bands due to oxygen vacancy defects, resulting in hindering the charge transport 

extraction and increase in carrier recombination [82, 83]. Many studies have demonstrated that 

doping TiO2 with lithium and FK209 cobalt results in a decrease in the carrier recombination, 

electron traps density, defects and improved the conductivity of the ETL [72, 75, 76, 84, 85]. 

Different strategies have been adopted to improve the efficiency of the PvSCs including 

increasing the conductivity and transparency of the ETL. In this study, different doping 

technique to enhance the electrons transfer ability of the M-TiO2 was investigated. The dopant 

enables faster electrons transfer and extraction through the M-TiO2 layer, which leads to 

improved performance of the PvSCs. Numerous articles have been published on doping the 

ETL with various elements, and the reader is referred to chapter three for details.  

In this chapter, tris(2-(1H-pyrazol-1-yl)-4-tert-utylpyridine)cobalt (III) tri[bis(trifluor ometha- 

ne)sulfonimide] FK209 Co(III) TFSI salt and Bis(trifluoromethane) sulfonimide lithium salt 

(TFSI) were investigated as a dopant for the M-TiO2 in the ETL. This is to improve the 

conductivity and mobility of the ETL and to reduce hysteresis effect. A mixture of lithium and 

cobalt were prepared and examined to study the influence of this compound on the perovskite 

carriers lifetime and on the overall device performance. 

4.2 Experimental work: 

The fabrication processes of perovskite solar cells presented in this chapter follow the same 

protocol as described in chapter three. However, here the preparation of the FK209 and lithium 

dopants will be described briefly:  the mesoporous TiO2 was prepared by dissolving 150 mg of  
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TiO2 paste (30N-RD) in l mL of ethanol and stirred at 60 °C for at least 3 hours before use. 

The M-TiO2 was doped with cobalt FK209 and lithium (2.5 mg of FK209 or Li+ dissolved in 

200 µL of acetonitrile). The concentration of the cobalt FK209 was changed from 1.5 mg to 5 

mg dissolved in 200 µL of acetonitrile to investigate the optimum concentration. 

4.3 Results and discussion: 

4.3.1 Electrical and structural properties of Mesoporous TiO2 doped with FK209 cobalt 

and lithium. 

The influence of using lithium TFSI salt (Li+), FK209 cobalt TFSI salt and a mixture of 

FK209/Li+ salt as dopant for the ETL M-TiO2 layer were investigated. The electronic properties 

of the doped M-TiO2 were measured using the van der Pauw technique based on four probes 

hall measurement system. Table 4.1 illustrates that the conductivity and mobility of the M-

TiO2 doped with FK209 is much higher than the M-TiO2 doped with Li+ salt and higher than 

M-TiO2 doped with FK209/Li+ mixture. The electrical properties measurement of the M-TiO2 

doped with FK209 or lithium presented in Table 4.1 were measured on FTO glass substrate. 

The conductivity and mobility properties of the control undoped M-TiO2 are 2.2*104 [1/Ω.cm] 

and 29.3 [cm2/v.s] respectively [70]. 

 

Table 4.1: Electrical properties of the M-TiO2 doped with FK209, FK209/Li+ and Li+ 

 

The surface morphology of the M-TiO2 doped with FK209 and Li+ were studied using atomic 

force microscopy (AFM). The AFM images in Figure 4.1 show that the surface of the M-TiO2 

doped with FK209 cobalt has denser grains structure and minimal surface roughness as 

compared to the M-TiO2 doped with FK209/Li+ mixture salt or doped with Li+. The “root mean 

square” (RMS) of the surface roughness of the M-TiO2 layer doped with FK209 shows more 

homogeneous and smother surface with an RMS = 16 nm compared to M-TiO2 doped with Li+ 

or doped with FK209/Li+ which has an RMS = 25.46 nm and an RMS = 22.75 nm respectively. 

Name 
Conductivity (σ) 

*103[1/Ω.cm] 

Bulk resistivity (ρ) 

*10-4[Ω.cm] 

Mobility (µ) *103 

[cm2/v.s] 

Carrier density  

*1019[cm-3] 

M-TiO2 control 22 0.45 1.23 11.29 

M-TiO2 + Li+ salt 23.5 0.42 1.73 8.6 

M-TiO2 + Cobalt FK209 30 0.33 8.32 2.27 

M-TiO2 + FK209/Li+ 26.3 0.38 6.2 2.65 
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Figure 4.1 on the right hand side shows the contact angle measurement of doped and undoped 

M-TiO2, and on the left hand side presents the three dimensional AFM imaging for the different 

dopants used and for the undoped M-TiO2. Where, x and y scan equal to 1 µm and the z axis 

ranged from −0.1 to 0.13 µm. It was found that the surface roughness of the M-TiO2 doped 

with Cobalt was 16 nm and has the lowest surface roughness compared with lithium doped M-

TiO2 (25.4 nm).This cannot be visualized clearly by just looking at the image only, the Z scale 

in Figure 4.1 (a) is 0.08µm and in (b) and (c) is 0.09 µm. The appearance of the dark and light 

areas is not necessarily an indication of actual holes in the structure but rather difference in the 

heights. This was reflected on the size of the perovskite crystal grains as smoother M-TiO2 

surfaces resulted in larger perovskite grain size [76], as shown in Figure 4.3 histogram. Surface 

wettability (hydrophilicity) was investigated using the contact angle (ɵ) value between DI 

water droplet and a surface. The surface is more hydrophilic, if DI water droplet on the surface 

is more flat with small contact angle. It can be observed from Figure 4.1 that the contact angle 

of the undoped M-TiO2 control sample is higher than M-TiO2 layer treated with other dopants. 

It is found that doping with lithium or cobalt employed in this study resulted in a reduction in 

contact angle and increase surface hydrophilicity compared to pristine sample. There is 

significant difference in the contact angle of undoped M-TiO2 (ɵ = 14º) compared to M-TiO2 

doped with FK209 (ɵ = 4.2º), an indication of the improved wettability of TiO2 layer. 

Therefore, when we dope M-TiO2 with FK209, more hydrophilic surfaces were achieved. 
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(a) Undoped M-TiO2 (RMS = 34.5 nm) and contact angle (ɵ = 14º) 

     

(b) M-TiO2 doped with FK209 only (RMS = 16 nm) and contact angle (ɵ = 4.2º) 

      

(c) M-TiO2 doped with FK209/Li+ (RMS = 22.75 nm) and contact angle (ɵ = 9º) 

      

(d) M-TiO2 doped with Li+ only (RMS = 25.46 nm) and contact angle (ɵ = 13º) 

Figure 4.1: Left, AFM images of the surface morphology structure and roughness of the (a) 

undoped mesoporous TiO2, RMS = 34.5 nm (b) M-TiO2 doped with FK209, RMS = 16 nm (c) 

FK209/Li+, RMS = 22.75 nm (d) Li+, RMS = 25.46 nm. Right, contact angle measurement of 

(a) undoped M-TiO2, ɵ = 14º (b) M-TiO2 doped with FK209, ɵ = 4.2º (c) FK209/Li+, ɵ = 9º (d) 

Li+, ɵ = 13º. 
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Figure 4.2 shows the SEM images of the surface topography of the mesoporous TiO2 doped 

with the various dopants studied. We could not identify any special features or different from 

the SEM images as shown in Figure 4.2. The AFM was used to check the morphology and 

roughness of surfaces.   

   

(a)                                                (b)                                             (c)  

Figure 4.2: SEM images of the surface topography structure of the mesoporous TiO2 doped 

with (a) FK209 only, (b) FK209/Li+ and (c) Li+ only. 

It is found that the roughness of the ETL influences the grains size and topography of the 

perovskite film as it acts a seeding substrate during the deposition of the perovskite active layer 

[76]. In addition, the interface between the ETL and active perovskite film is also affected. 

Perovskite films with large grains size has produced lower series resistance of the active layer, 

leading to improvement in the performance of PvSCs [86]. Recent researches have shown that 

existence of large-sized perovskite grains promotes the mobility of charge carrier and decreases 

recombination of bulk defects [87, 88]. The highest conversion efficiency in this study was 

achieved using the M-TiO2 doped with FK209 because it possesses the lowest surface 

roughness and largest grains size of the perovskite film.  

ImageJ software was used to calculate the grains size and Origin9 software was used to draw 

their histogram. The SEM images in Figure 4.3 show that using M-TiO2 doped with FK209 

provides a uniform perovskite film with an average grains size of 242 nm, which is larger than 

grains size of perovskite deposited on M-TiO2 doped with Li+ or FK209/Li+. The average 

grains size of perovskite deposited on M-TiO2 doped with FK209/Li+ decreased to 210 nm, 

whereas, the perovskite films deposited on M-TiO2 doped with Li+ has an average grains size 

of 205 nm as shown in the histogram of Figure 4.3. Our results demonstrate that perovskite 

deposited on M-TiO2 doped with FK209 have shown largest grains size and less defects 

compared with perovskite deposited on ETL with the other dopants. Larger grains mean more 

dense structure and better crystallization allowing for enhanced conduction process [89]. 

200 nm 200 nm 200 nm 
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(a) Perovskite film deposited on undoped M-TiO2 and on the right a histogram illustrating an average grain size of 163.9 nm. 
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(b) Perovskite film deposited on M-TiO2 doped with FK209 and on the right a histogram illustrating an average grain size of 242 nm. 
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(c) Perovskite film deposited on M-TiO2 doped with FK209/Li+ and on the right a histogram illustrating an average grain size of 210 nm.   
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(d) Perovskite film deposited on M-TiO2 doped with Li+ and on the right a histogram illustrating an average grain size of 205 nm. 
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Figure 4.3: SEM images of surface topography of the perovskite layer deposited on the (a) 

undoped M-TiO2 and mesoporous TiO2 doped with (b) FK209 (c) FK209/Li+ (d) Li+. The 

histogram shows an average grains size for each dopant. 

4.3.2 Optical properties of mesoporous TiO2 doped with FK209 cobalt and lithium. 

The transparency of the ETL is another factor that influences the efficiency of perovskite solar 

cells. High transparency and high conductivity are essential requirements in the ETL. The 

transparency of undoped mesoporous TiO2 is round 90% [70]. In this study, the FK209 was 

used to dope the M-TiO2 film to increase its conductivity but without reducing the transparency 

significantly. The conductivity has increased from 22*103 to 30*103 [1/Ω.cm] while the 

transparency was maintained its value around 90% at 600 nm wavelength. To study the 

influence of doping on the transparency of ETL, M-TiO2 was doped with FK209, lithium and 

a mixture of FK209/Li+. In this work, an Ultraviolet-Visible spectrometry (Cary 6000i) 

measurement was utilized to measure the transparency of the ETL films. Generally, it is clear 

from Figure 4.4 that 85% transparency have been obtained from all M-TiO2 films doped with 

FK209, Li+ or FK209/Li+ over the visible wavelength range. There is slight increase in the 

transparency between 300-500 nm and 650-800 nm for the M-TiO2 doped with FK209 

compared to M-TiO2 doped with lithium or FK209/Li+. Figure 4.5 shows the absorbance of the 

M-TiO2 doped with FK209, Li+ or FK209/Li+ measured using Cary UV-Vis spectrometer. 

There is a weak absorption between 350-800 nm, and much higher absorption at a range from 

300-350 nm. 
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Figure 4.4: Optical transparency properties of mesoporous TiO2 doped with FK209, FK209/ 

Li+, and Li+. 

 

Figure 4.5: Optical absorbance properties of mesoporous TiO2 doped with FK209, FK209 / 

Li+, and Li+.  
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The optical band gap energy of the films can be extrapolated from the absorption data using 

Tauc plot method [80]. Figure 4.6 displays the extracted energy band gap of the M-TiO2 doped 

with FK209, FK209/Li+ and Li+. The Tauc plot was obtained from the absorption spectrum 

shown in Figure 4.5. An extrapolation technique (dotted lines) was used to determine the 

optical band gap of the M-TiO2 doped with different dopants. The energy gaps of the undoped 

M-TiO2 and M-TiO2 doped with FK209, FK209/Li+ or Li+ are 3.55 eV, 3.59 eV, 3.56 eV, and 

3.58 eV respectively. A number of studies have shown that the energy gap of the undoped M-

TiO2 is around 3.5 eV, which is in agreement with our results [70, 90, 91].    

                                     

Figure 4.6:  Extrapolation of the energy gap of M-TiO2 doped with FK209, FK209/Li+ and Li+ 

using Tauc plot. 

Figure 4.7 shows the absorbance of the perovskite films deposited on M-TiO2 doped with 

FK209, FK209/Li+ and Li+ measured over the 440 nm to 800 nm range. It is observed that the 

perovskite films deposited on M-TiO2 doped with FK209 has the same absorbance spectrum 

compared with perovskite deposited on M-TiO2 doped with FK209/Li+ or Li+. However, there 

is a slight improvement of around 5% in absorption between 500-800 nm. This could be one 

of the reasons for the increased current density obtained for the perovskite deposited on M-

TiO2 doped with FK209 [83]. As a result, the efficiency of the PvSCs prepared with ETL doped 

with FK209 have produced the highest efficiency in this work (see section 4.3.4). The 

absorbance spectrum of our perovskite samples were in agreement with other reported study 

[92]. 
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Figure 4.7: Absorbance of perovskite film deposited on M-TiO2 doped with FK209, FK209/Li+ 

and lithium. 

Figures 4.8 and 4.6(Tauc plot) show the relation between hѵ (ev) vs (𝐴𝑏𝑠 hν)
1

𝑚 or (αhν)2. 

Where, hν is the incident photon energy and Abs is absorption of film. The energy gap of the 

perovskite film deposited on M-TiO2 doped with FK209, FK209/Li+ and Li+ is measured 

around 1.6 eV. Hence, there is no large shift in energy gap of perovskite active layer with 

changing the ETL dopant as expected. These results confirm that the active perovskite layer 

deposited on the M-TiO2 doped with the studied dopants is not affected by the dopant type of 

the ETL [93].  

 

Figure 4.8: Energy gap of perovskite films deposited on M-TiO2 doped with FK209, FK209/Li+ 

and Li+, using Tauc plot. 
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The photoluminescence (PL) spectra of perovskite films deposited on undoped M-TiO2, and 

M-TiO2 doped with FK209, FK209/Li+ or lithium are shown in Figure 4.9. It can be observed 

that the perovskite films deposited on undoped  M-TiO2 and M-TiO2 doped with FK209/Li+ or 

Li+ have a higher PL intensity, indicating the existence of strong recombination in the 

perovskite active layer [70, 94]. The peak emissions of the PL at 770 nm have been obtained 

for all perovskite films deposited on doped or undoped M-TiO2. The PL intensity showed lower 

intensity for perovskite deposited on M-TiO2 doped with FK209, which indicates that faster 

charge extraction at the interface layer occurs before their recombination [76]. This implies 

that the M-TiO2 doped with FK209 improves the interface layer and increases charge extraction 

from the active perovskite layer. Consequently, this prevents carrier charge recombination, 

resulting in improved Jsc, Voc and FF because of passivation of oxygen defects at the interface 

layer [76]. 

  

Figure 4.9: Photoluminescence spectrum of perovskite deposited on M-TiO2 doped with 

FK209, FK209/Li+ and Li+. 

Figure 4.10 shows the PL decay time of the perovskite films deposited on various ETL coated 

substrates; M-TiO2 doped with FK209, FK209/Li+ and Li+. In principle, electrons generated in 

the active perovskite layer transfer to the ETL before recombination occurs in the perovskite 

film [70, 94]. This is because the long carrier lifetime lead to an enhancement in charge transfer 

and extraction of electrons. The charge carrier lifetime (τ) of the PL decay signals can be 

estimated by fitting the dynamic exponential curve expressed as: 

Y = Y0 + A1 ∗ exp (
−𝑡

τ
)       (4.1)  
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Where, A1 is the time independent coefficient of the amplitude fraction, τ is decay time, Y0 is 

a constant. The measured lifetime of the perovskite films deposited on the M-TiO2 doped with 

FK209 was 115.8 ns as compared to 113.4 ns for perovskite deposited on the M-TiO2 doped 

with lithium and 120.9 ns for M-TiO2 doped with FK209/Li+. This is indicating more efficient 

charge transfer and better electrons extraction can be obtained with a mixture of FK209/Li+. 

The PL measurements also demonstrate that FK209 cobalt is more suitable dopant to the M-

TiO2 compared with Li+. Figure 4.10 (a) shows a linear PL decay scale that are diminishing at 

long time scale more than 400 ns, whereas Figure 4.10 (b) shows the logarithmic scale and the 

variation in data at long time scale. 

 

Figure 4.10: Photoluminescence decay time of perovskite films deposited on M-TiO2 doped 

with FK209, FK209/lithium and lithium measured using fluorescence PL decay lifetime. (a) 

linear scale (b) logarithmic scale. 
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4.3.3 Device characterization: 

Figure 4.11 (a) illustrates the main structure of the perovskite device and (b) is a photograph 

of the PvSC fabricated in this work. The current density-voltage (J–V) characteristics curves 

of the PvSCs were obtained by employing an ABET Sun3000 sunlight simulator set at AM 

1.5G (100 mW/cm2). The overall sample size was 2.5 x 2.5 cm2. Figure 4.11 (c) illustrates how 

to determine the active area in this study. 

 

                                                                                                                                                             

 

Figure 4.11: (a) schematic structure of the perovskite solar cell, (b) photograph of 2.5x 2.5 cm2 

PvSC fabricated in this study and (c) definition of the active area in this study, which is 

determined by the area of the Au electrode. 

The different layers of the PvSC are illustrated in Figure 4.11. It shows a detailed schematic 

structure of a typical device composed of (FTO/ C-TiO2/ M-TiO2 doped with FK209 as the 

ETL / Perovskite CsI0.05[(FAPbI3)0.85 (MAPbBr3)0.15]0.95 / Spiro-MeOTAD as the HTL and an 

Au back electrode. Figure 4.12 illustrates an SEM of a cross-section of the perovskite solar 

cell.  The optimized perovskite solar cell comprises of a 70 nm thick C-TiO2 layer, a 150 nm 

thick M-TiO2 doped with cobalt FK209 film. The active perovskite layer thickness is 350 nm, 
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followed by a 180 nm thick Spiro-MeOTAD, and finally a 70 nm of the electron beam 

evaporated gold as the backside electrodes for the complete solar cell device. 

  

Figure 4.12: An SEM image of the cross-section of the perovskite solar cell device fabricated 

in this study showing the different layers. 

Figure 4.13 describes the bandgap energy diagram of the entire fabricated device (different 

layers). A slight increase in the bandgap of M-TiO2 doped with FK209 can be observed, which 

was verified by the UV Cary spectrometry and Tauc plot as shown in Figure 4.6. The Energy 

gap of the M-TiO2 changed from 3.54 eV to 3.59 eV by doping. Consequently, the conduction 

band of the M-TiO2 doped with FK209 was moved closer to perovskite conduction band, which 

resulted in facilitating more electrons transport and collection [76]. This is also resulted in 

improvement in Voc as shown in Table 4.2. 

 

 

 

 

 

Figure 4.13: A schematic representation of the energy bandgap diagram of the fabricated 

device. 
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4.3.4 Current density-Voltage (J-V) Characteristics: 

All the illuminated current density-voltage characteristics of the PvSCs were measured using 

sunlight simulator set for AM 1.5G (100 mw/cm2) condition. In this study, the active area is 

defined by the area of the window opening on the otherwise masked backside of the glass 

substrate. The cells were exposed to sunlight simulator though this window. Measured value 

of our active device area is 0.36 cm2, which is larger than most of the reported areas in the 

literatures [70, 75, 86]. This indicates less defects density and pinholes are present in 

CsI0.05[(FAPbI3)0.85 (MAPbBr3)0.15]0.95 perovskite films compared to  MAI (CH3NH3PbI3) 

based perovskite material [76]. This is why scaling up looks more promising. 

To ensure reproducibility, 15 samples were fabricated using M-TiO2 doped with FK209 cobalt 

and 10 samples using M-TiO2 doped FK209/Li+ and lithium. Figure 4.14 shows the (J-V) 

characteristic curves of the fabricated perovskite solar cells. All key solar cells electrical 

parameters are shown in Table 4.2. The sample prepared with perovskite film deposited on M-

TiO2 doped with FK209 yielded the highest conversion efficiency of 15% in the forward sweep 

and 16.3% in the backward sweep. There is a noticeable increase of 14% in Voc in the 

perovskite film deposited on M-TiO2 doped with FK209 as compared to the perovskite 

deposited on M-TiO2 doped with Li+. The fill factor (FF) have significantly increased by13.5% 

in the perovskite deposited on M-TiO2 doped with FK209 compared to perovskite deposited 

on M-TiO2 doped with FK209/Li+ or Li+. The improvement in the FF is attributed to the drop 

in the series resistance from 12 to 9.3 Ω.cm2. The combined resistance of the transparent 

conductive oxides used for the electrodes and the active perovskite film results in a series 

resistance that significantly influence the fill factor and the efficiency of the solar cell. In 

perovskite solar cells, the conductivity of the transparent conductive oxide can be enhanced by 

increasing the film thickness, but this will lead to decrease in the transparency, which affect 

the cell performance. This has limited our fill factor to 56%.Our results showed an average Rs, 

of 9 Ω.cm2 for Cobalt doped TiO2, and 12.6 Ω.cm2 for lithium doped TiO2. A compromise has 

to be reached between the transparency and conductivity to achieve higher fill factor, this is 

beyond the scope of this study. Moreover, we are using FTO glass substrate with sheet 

resistance of 12-15 Ω/sq, while other reported FTO coated glass substrates have sheet 

resistance of 8 Ω/sq [86]. This might also added to the increased value of Rs found in this study. 

When we compare our average series resistance with others reported, it is in agreement with 

other published work [72, 95]. The average power conversion efficiency (PCE) of the 
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perovskite cell deposited on M-TiO2 doped with FK209 has improved by 28% compared to 

perovskite deposited on M-TiO2 doped with Li+. There are slight variations found in the short 

circuit current density between all cells prepared with different dopants and the average Jsc 

was 26 mA/cm2 in forward and backward scanning. It is widely accepted in the literature that 

the backward scanning gives higher efficiency than forward scanning. This is related to a 

phenomenon called J−V hysteresis. It is due to charge distribution effect when applying 

external electric field. It relates to slow transient capacitive current, charge carriers trapping, 

ion migration and ferroelectric polarization, which can also cause band bending [96, 12, 97]. 

 

Table 4.2: Perovskite solar cells key parameters measured for the different dopants investigated 

in this study. The green highlight is showing the average value for each set of parameters. 

Sample 

description 

Sweep 

Direction 

EFF

% 
FF% 

Voc 

[mV] 

Jsc 

[mA/cm2] 

Vmax 

[mV] 

Jmax 

[mA/cm2] 

Isc 

 [mA] 

Rshunt 

[Ω.cm2] 

Rseries 

[Ω.cm2] 

Undoped  

M-TiO2 control 

Forward 10 44.8 996 22.1 584 16.8 7.9 1224 18 

Backward 11.6 50 997 22.6 668 17 8.2 1289 12 

Average 10.8 47.4 996.5 22.3 626 16.9 8.05 1256 15 

M-TiO2 doped 

with FK209 

Forward 15 53 1049 26.4 724 20.3 9.4 1305 9.7 

Backward 16.3 59.5 1052 25.4 780 20.4 9.07 2024 9 

Average 15.6 56.2 1050 25.9 752 20.3 9.2 1664 9.3 

M-TiO2 doped 

with FK209/Li+ 

Forward 13 45.4 1011 27.1 640 19.8 9.8 1249 14 

Backward 15.4 53.6 1060 26.2 724 20.7 9.3 3048 13.6 

Average 14.2 49.5 1035 26.9 682 20.2 9.5 2148 13.8 

M-TiO2 doped 

with Li+ 

Forward 11 47.1 912 25.2 584 18.5 9 981 12.9 

Backward 13.3 51 925 26.8 612 20.9 9.8 1105 12.6 

Average 12.1 49 918 26 598 19.7 9.4 1043 12.7 
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Figure 4.14: The illuminated J-V characteristic curves of perovskite solar cells deposited on 

ETL of M-TiO2 doped with FK209, FK209/Li+ and Li+. Top figure, backward scanning and 

bottom figure, forward scanning. 
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4.3.5 Optimization of the FK209 cobalt TFSI concentration in mesoporous TiO2: 

Generally, there are a number of strategies to improve the efficiency of the PvSCs, one of the 

simplest strategies is using dopants to enhance the charge transfer capacity of the M-TiO2. The 

highest efficiency of the PvSCs was achieved with the M-TiO2 layer doped with cobalt FK209. 

Optimization of the FK209 concentration was performed to achieve best performance  based on 

conversion efficiency. Table 4.3 shows that the M-TiO2 layer doped with 2.5 mg of FK209 has 

highest conductivity (lower resistivity) compared to M-TiO2 prepared with dopant 

concentration of 1.2 mg or 5 mg . Moreover, the mobility of the M-TiO2 doped with 2.5 mg 

FK209 is higher than the one doped with 1.2 mg or 5 mg concentration as shown in Table 4.3. 

 

Table 4.3: Electrical properties of the M-TiO2 doped with different concentrations of FK209. 

 

It is clear from figure 4.15 that the transparency of the M-TiO2 doped with FK209 is around 

90% at 500 nm and over the entire visible wavelength range. There is not much variation in 

transparency with doping concentration of 1.5 mg, 2.5 mg or 5 mg. However, there is a slight 

increase in the transparency between 450-700 nm for the M-TiO2 doped with 2.5 mg of FK209 

compared to other concentration of FK209.  Figure 4.16 shows the absorbance of the M-TiO2 

doped with different concentrations of FK209 measured using UV Cary spectrometry. As 

expected, there is small absorption (10-15%) between 450-800 nm wavelengths range, and 

much higher absorption between 300-350 nm wavelengths. 

 

Name 
Conductivity (σ) 

*103[1/Ω.cm] 

Bulk resistivity (ρ) 

*10-4[Ω.cm] 

Mobility (µ) 

*103 [cm2/v.s] 

Carrier density  

*1019[cm-3] 

M-TiO2 doped with FK209 (1.5 mg) 23 0.42 3.2 4.6 

M-TiO2 doped with  FK209 (2.5 mg)  30 0.33 8.32 2.27 

M-TiO2 doped with  FK209 (5 mg)  27 0.37 4.8 3.52 
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Figure 4.15: Transparency of the M-TiO2 doped with 1.5 mg, 2.5 mg and 5mg concentration 

of cobalt FK209. 

 

Figure 4.16: Absorbance spectrum of the M-TiO2 doped with 1.5 mg, 2.5 mg and 5mg 

concentration of cobalt FK209. 

The energy gap of the M-TiO2 film can be extrapolated from the absorption data using Tauc 

plot [80]. Figure 4.17 illustrates the relationship between hѵ (ev) vs (Abs hѵ)2 for the film. The 

energy gap of the M-TiO2 doped with FK209 at 1.5 mg, 2.5 mg and 5 mg concentration deduced 

from the plot were 3.6 eV, 3.59 eV and 3.56 eV respectively. 
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Figure 4.17: Energy gap of M-TiO2 doped with various concentrations of FK209 (1.5 mg, 2.5 

mg and 5 mg) using Tauc plot. Dotted lines represent the tangent to the slope for each plot. 

To evaluate the reproducibility of the ETL deposition and doping process, 30 samples were 

prepared and tested. Figure 4.18 illustrates the efficiency statistic histogram for devices 

fabricated using compact TiO2 prepared employing DC-sputtering as a first layer in the ETL 

followed by an M-TiO2 doped with various concentrations of FK209. The PCE of the PvSCs 

deposited on M-TiO2 doped with 2.5 mg FK209 is ranging between (12.5-15.5)% and 

displaying narrower distribution compared to the ones prepared with 1.5 mg and 5mg 

concentration. For example, the PCE of the PvSCs fabricated using M-TiO2 doped with 1.5mg 

FK209 is ranging between (11-15)%. This indicates that devices fabricated with 2.5 mg 

concentration of FK209 have higher reproducibility compared with other concentration. It is 

worth noticing that the 2.5 mg concentration produced larger grains size and smoother surfaces.  

 

Figure 4.18:  Statistical histogram of the PCE measured over 30 fabricated solar cells. The ETL 

was fabricated using C-TiO2 prepared using DC-sputtering and M-TiO2 doped with various 

concentrations of FK209. 
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One of the main challenges facing the wide spread use of perovskite solar cells is the stability 

and it was reported in a number of articles [70, 98]. The stability of perovskite or the 

deterioration in performance of perovskite cells with time is due to changes in crystal structure, 

which was noticed when exposing the material to high temperature, moisture, oxygen and 

prolonged illumination [99]. Solvents and additives used in HTL and ETL layers can also 

influence the stability of perovskite cells [99, 100]. In chapter five, appropriate alternatives for 

toxic solvent to reduce the deterioration of the perovskite films and improving their 

performance will be discussed and examined. 

Some of the reported efficiency of perovskite exhibited deterioration by up to 20% after 200 

hrs [76] and some deteriorated by 8% after 20 days [100]. In this chapter, we conducted the 

stability experiment for 40 weeks, whereas, in the DC sputtered material (in chapter 3) was 60 

weeks. In our devices, the stability of the fabricated devices were studied by measuring the 

solar cell efficiency over an extended period of 40 weeks while kept devices under ambient 

laboratory conditions of around 50% humidity and around 25 ºC temperature. The efficiency 

was measured using sunlight simulator. The illuminated J-V characteristics were monitored 

over 40 weeks by repeating the characterization every 2 weeks period then every month in an 

ambient laboratory condition. Figure 4.19 illustrates the stability test deduced from the forward 

and backward J-V scan of PvSCs efficiency. The drop in efficiency was around 20% for 

samples prepared using M-TiO2 doped with FK209, while the drop was 27% for control 

samples (without doping) over the same period of 40 weeks. We reported previously that the 

stability could be improved by using green solvents such as ethanol rather than using 

Acetonitrile (ACN) [101]. It is known that ACN is toxic and can accelerate the deterioration 

of the perovskite films [100]. Ethanol and Isopropyl alcohol (IPA) have been suggested as 

alternative solvents in dissolving FK209 cobalt and lithium TFSI salt respectively as will be 

explained in chapter five in more details. These solvents have resulted in improve stability, 

device performance and slowed down the degradation of the perovskite films [100, 101]. In 

addition, in this work, caesium Lead halide Perovskite is utilized rather than MAI based 

perovskite as it offers better stability [102]. 
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Figure 4.19: Device stability testing by measuring variations in the efficiency of the perovskite 

solar cells measured over 40 weeks period in weekly intervals. Devices were kept in ambient 

laboratory and tested under AM1.5, 100 mW/cm2 illumination using ABET sunlight simulators 

with reference cell as a control. 

 

4.4 Conclusion: 

In summary, FK209 cobalt TFSI and lithium TFSI salt were investigated as dopant for the 

mesoporous TiO2 in cesium Lead halide based perovskite solar cells. Doping technique of the 

ETL enhances the efficiency and performance of the PvSCs. The optimized electrical 

conductivity and mobility of the doped M-TiO2 was found to be 30*103[1/Ω.cm] and 1.23*103 

[cm2/v.s] respectively. From the optical characterization, it was found that the transparency of 

the M-TiO2 doped with FK209 is around 90% and the energy gap was 3.59 eV. The M-TiO2 

doped with FK209 has a minimal surface roughness and low contact angle (high hydrophilic) 

as compared to undoped control sample. The SEM images show that using M-TiO2 doped with 

FK209 provides a uniform perovskite film with an average grains size of 242 nm, which is 

larger than grains size of perovskite deposited on control undoped M-TiO2 or M-TiO2 doped 
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with Li+. The perovskite film deposited on M-TiO2 doped with FK209 has a lower PL intensity 

indicating faster charge extraction. The measured lifetime of the perovskite films deposited on 

the M-TiO2 doped with FK209 was 115.8 ns, which is about 2.5% longer than the perovskite 

films deposited on the M-TiO2 doped with lithium. 

The concentration of the cobalt FK209 was changed from 1.5 mg to 5 mg. It was found that 

the ETL prepared using M-TiO2 doped with cobalt FK209 at 2.5 mg concentration achieved 

highest efficiency due to its high transparency, good conductivity, high mobility and low 

surface roughness compared with undoped M-TiO2 films. The average efficiency of the 

perovskite solar cell fabricated with compact TiO2 and M-TiO2 doped with an optimum 

concentration of 2.5 mg FK209 cobalt electron transport layer is 15.6 %. This is 44% higher 

than the PvSCs deposited on undoped M-TiO2. On the other hand, using Li+ salt as dopant in 

the ETL has resulted in an average efficiency of 12.1% under AM1.5 sunlight simulator 

condition. The FK209 cobalt doping also offers improved stability compared to lithium doping 

or undoped M-TiO2 control device. The stability of the devices was monitored over 40 weeks 

period while kept under ambient laboratory conditions of around 50% humidity and around 25 

ºC temperature. The perovskite solar cells exhibit a 20% drop in efficiency over the 40 weeks 

testing period when using M-TiO2 ETL doped with FK209 and a drop of 27% for the undoped 

M-TiO2. This study demonstrated that using FK209 cobalt with 2.5 mg concentration provides 

high efficiency and better reproducibility.
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Chapter Five 

Solvent engineering of FK209 Cobalt [(TriFluoromethane) 

SulfonImide] TFSI and Lithium TFSI 

 

Part of this chapter (Solvent engineering) was published in the following IEEE Conference: 

Ahmed Hayali and Maan M. Alkaisi, "Solvent engineering of FK209 Cobalt and 

Lithium for high-efficiency perovskite solar cells," 2021 IEEE 48th Photovoltaic 

Specialists Conference (PVSC), 2021, pp. 2253-2259,  

doi: 10.1109/PVSC43889.2021.9518661. 
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5.1 Introduction 

There are a number of critical material properties that could affect the performance of PvSCs 

these are; the diffusion length of photo-generated carriers, carrier lifetime, transparency of 

conducting films, the absorption coefficient of the active layer, surface roughness  of base layer, 

electron transport layer (ETL) and hole transport layer (HTL) [103-106]. The device will 

operate at high efficiency and possess good stability, when all layers are optimised to achieve 

best performance. For example, the ETL and HTL play a significant role in the recombination 

of photo-induced carriers at the interfaces, by minimising surface defects, enhancement of 

charge transport and separation and extraction of the photogenerated electrons / holes before 

their recombination can be achieved  [107, 108]. 

The solvent used in dissolving the dopant in the ETL could significantly influence the optical 

and electrical properties of these layers, which also influence the morphologies and perovskite 

film properties. Due to high efficiency, low manufacturing cost and simple fabrication 

processes, PvSCs have been attracting wide attention in both the scientific research 

communities and in the photovoltaic industry.  

In terms of toxicity, the Lead halide in perovskite composition is not the only toxic material in 

the process; some solvents used during the fabrication of the device are also toxic. These 

solvents may impose an obstacle for toxic free fabrication process, in achieving high efficiency, 

improved stability and might hinder the process of scaling-up [109]. The Lead present in the 

perovskite composition although it is toxic, but its low concentration might not be problematic 

to the level that induce significant impact on the environment [110]. Hence, the search for 

environmentally friendly solvents for PvSC manufacturing process is essential to minimise the 

toxicity risks and potential air pollution [111]. Generally, the solvent used in the fabrication 

process could significantly influence the optical properties, morphologies and perovskite film 

properties. Thus, to enhance the quality and stability of perovskite films, solvent engineering 

is proposed. Bis(trifluoro-methane) sulfonimide lithium salt (TFSI) and tris(2-(1H-pyrazol-1-

yl)-4-tert-utylpyridine) cobalt(III) tri[bis(trifluoromethane)sulfonimide] FK209 Co(III) TFSI 

salt are usually dissolved by acetonitrile (ACN) solvent. However, this solvent is toxic and can 

accelerate the deterioration of the perovskite films, which place a limitation on any 

improvement of the PvSC. Isopropanol (IPA) with smaller polarity can be employed to dissolve 

lithium salt (TFSI) instead of ACN solvent. It was suggested that the use of ACN solvent in 

the preparation of the HTL might cause more corrosion traces on the perovskite film compared 
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to IPA, resulting in the drop of long-term stability [100]. The proposed replacement solvents 

have resulted in slowing down the degradation of the perovskite film and improved their 

stability.  

This work looks into the possibility of finding appropriate environmentally friendly   

alternatives for ACN that are also effective in reducing the deterioration of the perovskite films 

and improving their performance. Both ethanol and IPA with smaller polarity are offered as an 

alternative to dissolve the FK209 cobalt TFSI salt and lithium TFSI salt respectively. The use 

of these solvents in dissolving the FK209 and Li+ during ETL and HTL preparation have 

resulted in less deterioration of the perovskite films in addition to improving their performance 

in terms of efficiency and stability. After the substitution of ACN with ethanol to dissolve in 

cobalt based dopant-FK209 in the ETL and with IPA to dissolve lithium in the HTL, a 

champion perovskite device achieved an average efficiency of 16.45%, while a champion 

perovskite device prepared using ACN obtained an average PCE of 15.82%. Using ethanol and 

IPA solvents, scaling up to 1.25 cm2 active area produced power conversion efficiency (PCE) 

of 12.16 %, whereas, solar cells prepared using ACN have shown efficiency of 10.56% on 1.25 

cm2 active area. Our study demonstrate that using toxic free solvent offers considerable 

potentials toward a less environmentally harmful fabrication process and notable improvement 

in device performance. 

 

5.2 Experimental work: 

The fabrication processes of perovskite solar cells presented in this chapter follow the same 

protocol as described in chapter three. The original dopant materials of FK209 and lithium are 

actually powder based. They have to be dissolved in solvents in order to be dispensed on the 

FTO glass substrate. In this chapter, dissolving the FK209 dopant in environmentally friendly 

and less toxic solvents to replace acetonitrile were studied. Ethanol and IPA were investigated 

in dissolving FK209 cobalt and lithium respectively. The ETL was constructed as follows: the 

mesoporous TiO2 was prepared by dissolving 150 mg of TiO2 paste (30N-RD) in l mL of 

ethanol and stirred at 60 °C for at least 3 hours before use. Then, the M-TiO2 was doped with 

cobalt FK209 (2.5 mg of FK209 dissolved in 200 µL of ethanol) or lithium (2.5 mg of Li+ 

dissolved in 200 µL of IPA). 
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5.3 Results and discussion. 

5.3.1 Electrical and structural properties of mesoporous TiO2 layer doped with FK209 

cobalt and lithium dissolved with the proposed solvents. 

FK209 cobalt and lithium were used as dopant in the ETL and HTL respectively. These dopants 

need to be dissolved in solvents during the fabrication process of perovskite solar cells.  Cobalt 

and lithium are conventionally dissolved by ACN. However, the ACN solvent is toxic and can 

accelerate the deterioration of the perovskite films, which place a limitation on further 

improvement of the PvSC. Ethanol and IPA were investigated as an alternative solvent in 

dissolving dopant in the ETL and HTL. The proposed solvents resulted in decreasing pinhole  

defects and non-radiative centres in the film [87]. This has led to better stability and 

performance of our perovskite based solar cells. 

The electrical properties of mesoporous titanium dioxide (M-TiO2) doped with lithium or 

FK209 cobalt were measured using van-der-Pauw four-probe method. As it is illustrated in 

Table 5.1, the conductivity of the M-TiO2 doped with FK209 cobalt dissolved by ethanol is 

higher than the M-TiO2 doped with lithium salt and higher than films of undoped M-TiO2. 

Moreover, the mobility of the M-TiO2 doped with FK209 cobalt is also higher than the one 

doped with lithium or undoped control sample. 

Table 5.1: Electrical properties of the M-TiO2 doped with FK209 cobalt and lithium dissolved 

by ACN, ethanol and IPA. 

 

Since the properties of the M-TiO2 has to be modified by doping with lithium or FK209 and 

the dopants must be dissolved by ACN, ethanol or IPA, we have conducted a series of 

experiments to study the role played by these solvent on the overall performance of the PvSCs. 

The surface morphology were investigated with atomic force microscopy (AFM). Figure 5.1 

Name 
Conductivity (σ) 

*103[1/Ω.cm] 

Bulk resistivity (ρ) 

*10-4[Ω.cm] 

Mobility (µ) 

*103 [cm2/v.s] 

Undoped control M-TiO2   22 0.45 1.23 

M-TiO2 + FK209/Ethanol 32 0.31 9.2 

M-TiO2 + FK209/ACN 30 0.33 8.32 

M-TiO2 + Li+/IPA 25 0.4 2.3 

M-TiO2 + Li+/ACN 23.5 0.42 1.73 
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displays AFM images showing that the surface of the M-TiO2 doped with FK209 cobalt 

dissolved by ACN or ethanol has denser grain structure because it possesses minimal roughness 

as compared with M-TiO2 doped with lithium dissolved by ACN or IPA. The root mean square 

(RMS) of the surface roughness were measured for the M-TiO2 layer doped with FK209 

dissolved by ACN or ethanol. These films show a smoother surfaces and more homogeneous 

structure compared to M-TiO2 doped with lithium dissolved by ACN or IPA as shown in Figure 

5.1. The measured surface roughness of the M-TiO2 doped with FK209 dissolved by ACN or 

ethanol is around 21 nm, which is lower than M-TiO2 doped with lithium dissolved by ACN 

or IPA by 16% and 34 % respectively. Surface wettability (hydrophilicity) was examined using 

the contact angle measurement method. It can be observed from Figure 5.1 that the contact 

angle of undoped M-TiO2 control sample is higher than that of M-TiO2 treated with different 

dopants. This supports the finding that the surface hydrophilicity is increased for all dopant 

types used in this study as compared to pristine undoped films surfaces. There is a significant 

difference in the contact angle of undoped M-TiO2 (ɵ = 14º) compared to M-TiO2 doped with 

FK209 dissolved by ethanol (ɵ = 4.2º). This indicates that the use of FK209 cobalt dissolved 

by ethanol does change the wettability of TiO2 surface by 70% to acquire the hydrophilicity 

surface properties for the subsequent perovskite layer deposition.  

  

(a) 

  

(b) 
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(c)  

  

(d) 

  

(e) 

 

Figure 5.1: Left, AFM images of surface morphology structure and roughness of (a) Undoped 

mesoporous TiO2, RMS=24.5 nm, (b) M-TiO2 doped with FK209 dissolved by ACN, 

RMS=20.9 nm, (c) FK209 dissolved by ethanol, RMS=20.7 nm, (d) lithium dissolved by ACN, 

RMS=25 nm, and (e) lithium dissolved by IPA, RMS=32 nm. Right, contact angle 

measurement of (a) undoped M-TiO2, ɵ = 14º and M-TiO2 doped with (b) FK209/ACN, ɵ = 

6.6º (c) FK209/Ethanol, ɵ = 4.2º (d) Li+/ACN, ɵ = 11.5º and (e) Li+/IPA, ɵ = 9.8º. 
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The SEM images in Figure 5.2 show that the grains size of the perovskite films deposited on 

M-TiO2 doped with FK209 cobalt dissolved by ethanol or ACN are larger than the grain size 

of perovskite material deposited on M-TiO2 doped with lithium dissolved by ACN or IPA. 

ImageJ software was used to calculate the grains size and Origin9 software was used to draw 

their histogram. Using ethanol to dissolve the FK209 salt in the ETL provides a uniform 

perovskite layer with large grains size with an average size of 270 nm. The large grains of the 

perovskite films produced lower series resistance resulting in improved performance of PvSCs 

[86]. Moreover, larger grains yield more dense films and efficient crystallization process [89]. 

In 2015, Nie et al. showed that the existence of large perovskite grains size promote higher 

charge carrier mobility and decrease recombination caused by bulk defects [87]. The average 

grains size of the perovskite deposited on FK209 dissolved by ACN was 242 nm. On the other 

hand, perovskite layers deposited on M-TiO2 doped with lithium dissolved by IPA produced 

grains size with an average of 170 nm diameter. The perovskite film deposited on M-TiO2 

doped with lithium dissolved by ACN have grains size with an average size of 205 nm. Hence, 

the perovskite deposited on the M-TiO2 doped with FK209 dissolved by ethanol has less micro 

cracks density as shown in the highlighted yellow circles in Figure 5.2. This demonstrates that 

the ethanol solvent can be used in dissolving FK209 cobalt and provide low surface roughness 

(RMS=20.7 nm) compared to ACN (RMS=20.9 nm) and IPA (RMS=32 nm) solvents.  
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(a) SEM image of Perovskite film deposited on undoped M-TiO2 (left) and a histogram 

illustrating an average grains size of 163.9 nm (right). 
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(b) SEM image of Perovskite film deposited on M-TiO2 doped with FK209 dissolved by 

ethanol (left) and a histogram illustrating an average grain size of 270.7 nm (right). 
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(c) SEM image of Perovskite film deposited on M-TiO2 doped with FK209 dissolved by 

ACN (left) and a histogram illustrating an average grain size of 242.2 nm (right). 
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(d) SEM image of Perovskite film deposited on M-TiO2 doped with Li+ dissolved by IPA 

(left) and a histogram illustrating an average grain size of 170 nm (right). 
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(e) SEM image of Perovskite deposited on M-TiO2 doped with Li+ dissolved by ACN (left) 

and a histogram with an average grain size of 205.6 nm (right). 

Figure 5.2: SEM images of the surface structure of perovskite films deposited on the 

mesoporous TiO2. The grains size were measured using imageJ (a) undoped M-TiO2 with an 

average grain size of 163.9 nm (b) M-TiO2 doped with FK209/ethanol with an average grain 

size of 270.7 nm (c) FK209/ACN with an average grain size of 242.2 nm (d) Li+/IPA with an 

average grain size of 170 nm and (e) Li+/ACN with an average grain size of 205.6 nm. 
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5.3.2 Device characterization: 

Figure 5.3 illustrates the main device structure of the PvSC used in this work. Current density-

voltage (J–V) characteristics curves were obtained using an ABET Sun3000 sunlight simulator 

(AM 1.5G) with light intensity set at 100 mW/cm2. For consistency and comparison, the active 

device area used to calculate the efficiency is defined by the back gold contact, which was kept 

at 0.36 cm2 or 1.25 cm2 in the same sample. The overall sample size were 2.5 x 2.5 cm2.  

 

 

 

 

 

 

 

 

 

 

 

 

     

(a)                                                                 (b) 

Figure 5.3: (a) Schematic structure of the perovskite solar cell (b) photo of the perovskite cell 

fabricated in this work.  

 

5.3.3 Optical properties of mesoporous TiO2 doped with FK209 cobalt and lithium 

dissolved with ACN, ethanol and IPA. 

The transparency of the electron transport layer is one of the key parameters in determining the 

perovskite solar cells efficiency. The ETL needs to be highly transparent and highly 

conductive. To achieve this, the M-TiO2 is doped with lithium or FK209 cobalt. To study the 

transparency of the M-TiO2, different solvents were tested and the prepared ETL were 

characterised. Ultraviolet-Visible spectrometry (Cary 6000i) was used to measure the 

transparency and absorbance of the ETL film. Figure 5.4 illustrates the transparency of the M-
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TiO2 doped with FK209 or lithium over the visible wavelength range. More than 85% 

transparency were obtained for these films. Although the transparency of the M-TiO2 films 

prepared with ethanol, IPA and ACN produced similar transparency, the IPA is a more 

adequate solvent. However, the M-TiO2 doped with FK209 dissolved by ethanol showed 

slightly higher transparency compared to the other solvents at the wavelength range of 625-

700 nm. Figure 5.5 shows the absorbance of the M-TiO2 film doped with FK209 or lithium. 

There is a weak absorption between 350-800 nm wavelength range and much higher absorption 

characteristics in the deep UV range from 250-350 nm. 

 

Figure 5.4: Optical transparency properties of M-TiO2 doped with FK209 and lithium dissolved 

by ACN, ethanol and IPA solvents. 
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Figure 5.5: Optical absorbance properties of M-TiO2 doped with FK209 and lithium dissolved 

by ACN, ethanol and IPA solvents. 

 

Figure 5.6: Extrapolation of the energy gap of M-TiO2 doped with FK209 and lithium dissolved 

by ACN, ethanol and IPA solvents. 
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or ACN were 3.56 eV, and 3.54 eV respectively. The energy gap for M-TiO2 doped with 

lithium dissolved by IPA or ACN are 3.55 eV, and 3.58 eV respectively. Doping did not 

influence the energy gap, hence the transparency of the materials have not been affected 

greatly. 

Figure 5.7 shows the absorbance spectra of the perovskite film deposited on M-TiO2 doped 

with FK209 or lithium dissolved by ACN, ethanol and IPA. It can be observed that the 

perovskite film deposited on M-TiO2 doped with FK209 dissolved by ethanol has a high 

absorption coefficient in the wavelength range between 650-800 nm compared to films 

dissolved by ACN or IPA. Therefore, this slight improvement in absorption could be one of 

the reasons for increasing the current density of the perovskite cells deposited on M-TiO2 doped 

with FK209 [76]. As a result, the efficiency of the PvSCs has been improved by 4% for samples 

of 0.36 cm2 and 15% for the 1.25 cm2 active device area due to using ethanol solvent in ETL 

and IPA in HTL in place of ACN.  It is clear from Figure 5.7 that perovskite films deposited 

on M-TiO2 doped with FK209 dissolved by ACN and lithium dissolved by IPA have similar 

light absorption characteristics over the wavelength range tested. However, the perovskite films 

deposited on the undoped M-TiO2 have a weaker absorption in the range between 525-750 nm 

of 10% less than the perovskite films deposited on the M-TiO2 doped with FK209 dissolved 

by ethanol.  

 

Figure 5.7: Absorbance of perovskite deposited on M-TiO2 doped with FK209 and lithium 

dissolved by ACN, ethanol and IPA solvents. 
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5.3.4 Current density-Voltage (J-V) Characteristics: 

In this work, 10 samples were fabricated using M-TiO2 doped with FK209 dissolved by ethanol 

and 5 samples using M-TiO2 undoped and M-TiO2 doped with lithium dissolved by ACN and 

IPA. The overall sample size was 2.5 x 2.5 cm2 with an active device area of 0.36 cm2 or 1.25 

cm2. Figure 5.8 shows the J-V characteristic curves of the PvSCs deposited on M-TiO2 doped 

with FK209 cobalt and lithium dissolved in different solvents. Table 5.2 list all solvent used in 

this study together with the key solar cells electrical parameters obtained. It can be seen that 

the champion perovskite device deposited on M-TiO2 doped with FK209 cobalt dissolved by 

ethanol (FK209/ethanol) gave the highest efficiency of 15.54% in forward sweep and 17% in 

backward sweep compared to perovskite deposited on M-TiO2 doped with lithium dissolved 

by ACN or IPA. Moreover, there is a slight increase in open circuit voltage (Voc) for 

(FK209/ethanol) of about 4% more than the Voc of perovskite cells deposited on undoped M-

TiO2 and also perovskite cells deposited on M-TiO2 doped with lithium dissolved by ACN. It 

is clear that the fill factor (FF) has increased by about 24% in perovskite cells deposited on M-

TiO2 doped with FK209 dissolved by ethanol or ACN, compared to perovskite deposited on 

undoped M-TiO2. This is due to the drop in series resistance from 16 to 8 Ω.cm2. The average 

efficiency of the perovskite films deposited on M-TiO2 doped with FK209 cobalt dissolved by 

ethanol has improved by 3% compared to perovskite film deposited on M-TiO2 doped with 

FK209 dissolved by ACN. This is also account for the 28% PCE improvement compared to 

perovskite deposited on undoped M-TiO2. The PCE for perovskite deposited on M-TiO2 doped 

with lithium dissolved by IPA has improved by 10% compared to perovskite deposited on M-

TiO2 doped with lithium dissolved by ACN. There are slight variations in the short circuit 

current density between cells prepared with different solvents. The average Jsc was 26 mA/cm2 

in forward and backward scanning, which is consistent with highest Jsc reported in the 

literature [112]. Our efficiency is lower than that reported because of the low FF. The FF in our 

work is averaged ~60% compared to reported more than 70%. It is worth mentioning that the 

FTO glass substrate with sheet resistance of 12-15 Ω/sq used in this study and a large active 

device area of 0.36 cm2. The series resistance of the perovskite devices deposited on M-TiO2 

doped with FK209 dissolved by ethanol resulted in 40% reduction compared to that prepared 

with perovskite deposited on undoped M-TiO2 as shown in Table 5.2. These improvements in 

PCE are attributed to the drop in the series resistance due to the increase in conductivity from 

22*103 to 32*103 [1/Ω.cm] of perovskite layer with doping. 
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We have managed to fabricate cells with efficiency around 22 % but on a small active area of 

0.1cm2. However, these devices have not been certified in an independent laboratory. Hence, 

we did not include these results in the thesis. In general, the lower efficiency in our devices is 

due to several factors including the use of FTO glass with a high sheet resistance of 12-15 Ω/sq 

and the use a mesoscopic n-i-p structure. The use of a lower sheet resistance FTO glass 

substrate may increase the efficiency by reducing the series resistance and improving the fill 

factor of the perovskite solar cell. In addition, a large active device area of 0.36 cm2 was used 

in this study, which is larger than most of the active areas reported in the literature [24]. 

Table 5.2: Perovskite solar cells key parameters on samples with 0.36 cm2 active area measured 

for perovskite deposited on M-TiO2 doped with FK209/ lithium dissolved by ethanol, ACN 

and IPA. The green highlight is showing the average value for each set of parameters. 

Sample 

description 

Sweep 

Direction 

EFF

% 

FF

% 

Voc 

[mV] 

Jsc 

[mA/Cm2] 

Vmax 

[mV] 

Jmax 

[mA/Cm2] 

Isc 

[mA] 

Rshunt 

[Ω.cm2] 

Rseries 

[Ω.cm2] 

Active 

Area 

[cm2] 

Undoped M-TiO2 

Forward 11.83 44.8 995 25.76 584 19.67 9.2 234 19 0.36 

Backward 13.7 50.4 996 26.46 668 19.88 9.4 452 13 0.36 

Average 12.74 47.6 995.5 26.11 626 19.74 9.3 343 16 0.36 

M-TiO2/ (FK209/ 

Ethanol) 

Forward 15.54 54.8 1037 27.23 696 22.28 9.7 1295 8.9 0.36 

Backward 17.01 63.6 1024 26.68 752 23.1 9.5 4664 7.9 0.36 

Average 16.3 59.2 1030 26.95 724 22.6 9.6 2979 8.4 0.36 

M-TiO2/ 

(FK209/ACN) 

Forward 14.98 58 1005 25.48 696 21.49 9.1 725 9.4 0.36 

Backward 16.73 63 1035 25.6 780 21.49 9.14 8219 8 0.36 

Average 15.82 60.5 1020 25.55 738 21.49 9.1 4472 8.7 0.36 

M-TiO2 

/(Li+/IPA) 

Forward 14.28 54 1036 25.2 724 19.6 9.1 462 10.1 0.36 

Backward 15.8 59 1012 26.46 752 21 9.4 477 9 0.36 

Average 15.05 56.5 1024 25.83 738 20.3 9.25 469.5 9.5 0.36 

M-TiO2 

/(Li+/ACN) 

Forward 12.81 52.5 980 24.85 668 19.18 8.8 5090 10.1 0.36 

Backward 14.5 55.3 1004 26.11 696 20.86 9.3 4152 10 0.36 

Average 13.65 53.9 992 25.48 682 20.02 9.05 4621 10 0.36 
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Figure 5.8: The illuminated J-V characteristic curves of perovskite for samples having 0.36 

cm2 active area deposited on M-TiO2 doped with FK209/ lithium dissolved by ACN, ethanol 

and IPA solvents. Top figure, backward scanning and bottom figure, forward scanning. 

All key parameters of the PvSCs measured on samples with 1.25 cm2 active area are shown in 

Table 5.3. It can be seen that the champion device deposited on M-TiO2 doped with FK209 

dissolved by ethanol produced the high efficiency of 11.8% in forward sweep and 12.5% in 

backward sweep. There is a slight increase of 2.5% in Voc when using FK209/ethanol 

compared to FK209/ACN. The Voc for (FK209/ethanol) has increased by 12% compared with 

perovskite deposited on undoped M-TiO2. Regarding the 1.25 cm2 active device area, using 
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IPA solvent to dissolve the lithium salt instead of ACN has resulted in an increase the PCE 

from 7% to 11% due to drop in series resistance from 25 to 18.5 Ω.cm2, as illustrated in Table 

5.3. When the FK209 was dissolved by ethanol, this further reduced the series resistance to 15 

Ω.cm2. This improved the fill factor of the device from 46% to 49.5% using FK209/ACN 

compared with the FK209/ethanol. The FF has increased from 39.2% using ACN solvent to 

dissolve the lithium to 49.5% using ethanol solvent to dissolve the FK209 salt. The drop in the 

series resistance value was attributed to the increase in conductivity of perovskite device layers 

from 23.5*103 to 32*103 [1/Ω.cm] with doping. 

Table 5.3: Perovskite solar cells key parameters measured for samples having 1.25 cm2 active 

area. The perovskite deposited on M-TiO2 doped with FK209/ lithium dissolved by ethanol, 

ACN and IPA. 

 

Sample 

description 

Sweep 

Direction 

EFF

% 

FF

% 

Voc 

[mV] 

Jsc 

[mA/Cm2] 

Vmax 

[mV] 

Jmax 

[mA/Cm2] 

Isc 

[mA] 

Rshunt 

[Ω.cm2] 

Rseries 

[Ω.cm2] 

Active 

Area 

[cm2] 

Undoped M-TiO2 

Forward 7.28 38.9 889 21 500 14.56 26 377 22.5 1.25 

Backward 9.44 47.6 946 21 612 15.44 26 516 17.5 1.25 

Average 8.36 43.2 917.5 21 556 15 26 446 20 1.25 

M-TiO2/ (FK209/ 

Ethanol) 

Forward 11.8 48.8 1023 23.85 640 18.56 29.7 609 16 1.25 

Backward 12.6 50.1 1046 23.85 668 18.72 29.8 887 14 1.25 

Average 12.2 49.5 1034 23.85 654 18.64 29.7 748 15 1.25 

M-TiO2/ 

(FK209/ACN) 

Forward 10.08 45.3 1032 21.6 640 15.84 27 324 20 1.25 

Backward 11.2 47 985 24 612 18.26 30 1096 15 1.25 

Average 10.6 46.1 1008 22.8 626 17.04 28.5 710 17.5 1.25 

M-TiO2 

/(Li+/IPA) 

Forward 9.95 45 1006 21.84 612 16.16 27 769 20 1.25 

Backward 12 54 1010 21.84 668 18 27.3 5781 17 1.25 

Average 11 49 1008 21.84 640 17.04 27.1 3275 18.5 1.25 

M-TiO2 

/(Li+/ACN) 

Forward 5.52 32.5 858.8 19.76 444 12.4 24.7 131 32 1.25 

Backward 8.56 46 945 19.68 612 14 24.6 283 18.4 1.25 

Average 7.04 39.2 901.9 19.72 528 13.2 24.6 207 25.2 1.25 
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Figure 5.9: The illuminated J-V characteristic curves of perovskite samples with 1.25 cm2 

active area deposited on M-TiO2 doped with FK209/ lithium dissolved by ACN, ethanol and 

IPA solvents. Top figure, backward scanning and bottom figure, forward scanning. 
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Many studies have been conducted to improve the performance of PvSCs and scaling-up to 

practical sizes [94, 87]. In this study, different active device areas were fabricated, the 1.25 cm2 

yielded a 12% efficiency and the 0.36 cm2 gave efficiency of 16.3%.  The decrease in efficiency 

with scaling up is due to increase in defect density such as pinholes in the perovskite films. As 

the size increases, it becomes harder to produce a uniform thin layer of perovskite and film 

defects become more pronounced. In general, the demand for scaling up perovskite films and 

increasing the efficiency is still challenging. One way to reduce the pinholes and defects density 

is by providing an ETL with low surface roughness (low RMS) to act as seeding layer for 

perovskite film growth. For example, the M-TiO2 film doped with FK209/ethanol (RMS=20.7 

nm) has resulted in better quality perovskite films with large grains size and less structural 

defects as shown in the SEM image and histogram in figure 5.2 (b). 

 

5.3.5 Stability of the perovskite solar cells: 

The stability of the fabricated devices were studied by measuring the solar cell parameters 

under sunlight simulator condition over 40 weeks period. All devices were kept under ambient 

laboratory conditions of around 25 ºC temperature and around 50% humidity. In this chapter, 

we conducted the stability experiment for 40 weeks, whereas, in the DC sputtered materials (in 

chapter 3) the testing was conducted for 60 weeks. Referring to Figure 5.10 and Figure 5.11, 

the efficiency of champion perovskite device prepared using FK209/ethanol in the ETL and 

lithium/IPA in the HTL has dropped by 17% during the monitoring period of 40 weeks. 

Whereas, the efficiency of champion perovskite device prepared using ACN solvent dissolved 

FK209 in the ETL and lithium in the HTL decreased by 22 % over the same time period. This 

shows that using IPA and ethanol solvents as an alternative to ACN, offers fabrication process 

that is less toxic and produced improvement in devices stability.  
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Figure 5.10: Variations in the efficiency of the perovskite solar cells using (FK209/Ethanol in 

the ETL and Li+/IPA in the HTL) measured over 40 weeks period. Devices were kept in 

laboratory ambient condition and tested under AM1.5, 100 mW/cm2 illumination using ABET 

Sunlight simulators with reference cell as a control. 

 

Figure 5.11: Variations in the efficiency of the perovskite solar cells using (FK209/ACN in the 

ETL and Li+/ACN in the HTL) measured over 40 weeks period. Devices were kept in 

laboratory ambient condition and tested under AM1.5, 100 mW/cm2 illumination using ABET 

Sunlight simulators with reference cell as a control. 
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5.4 Conclusion: 

The solvent engineering technique is an effective methodology that can be used to improve the 

performance of the PvSCs. Alternative solvents to acetonitrile (ACN) were investigated.  ACN 

is widely used in dissolving salt used in the preparation of the electrons and holes transport 

layers. However, ACN is toxic and can accelerate the deterioration of the perovskite films. 

Ethanol and Isopropyl alcohol (IPA) have smaller polarity and were used as alternative solvents 

in dissolving FK209 cobalt and lithium TFSI salt respectively. The optimized electrical 

conductivity and mobility of the M-TiO2 doped with FK209 dissolved by ethanol was found to 

be 32*103[S/cm] and 9.2*103 [cm2/v.s] respectively. The optical measurements 

characterization shows that the transparency of the M-TiO2 doped with FK209/ethanol is 

around 90%. The M-TiO2 doped with FK209/ethanol has a minimal surface roughness and low 

contact angle (high hydrophilic) as compared to undoped control sample. Using M-TiO2 doped 

with FK209/ ethanol in the ETL provides a uniform perovskite layer with large grains size with 

an average of 270 nm, which is larger than grains size of perovskite films deposited on control 

undoped M-TiO2 or other dopants. 

Ethanol was employed to dissolve the FK209 dopant for the M-TiO2 in ETL. IPA was used to 

dissolve lithium in the process of preparation the spiro-MeOTAD in the HTL. Using IPA and 

ethanol solvents, the highest average efficiency achieved was 16.4% for 0.36 cm2 active area. 

However, the average PCE for same area devices prepared using FK209 dissolved by ACN in 

the ETL and lithium dissolved by ACN in the HTL were 15.8%. Perovskite cells with 1.25 cm2 

active area were also prepared and characterized. An efficiency of 12.2% was obtained using 

Fk209/ethanol and lithium/IPA in the electrons and holes transport layers respectively, while 

cells prepared using FK209/ACN and lithium/ACN have shown an efficiency of 10.6% on the 

1.25 cm2 active area. The stability of the devices were monitored over 40 weeks period kept 

under ambient laboratory conditions of around 25 ºC temperature and around 50% humidity. 

Champion perovskite device prepared using FK209/ethanol in the ETL and lithium/IPA in the 

HTL gave an average PCE of 16.4 % with 17% drop in efficiency during the 40 weeks period. 

The best perovskite device prepared using ACN solvent gives an average PCE of 15.8% 

corresponding to 22% drop in efficiency over the same time period. Our study demonstrate that 

using IPA and ethanol solvents as an alternative to ACN,  offers fabrication process that is less 

toxic and resulted in improvement in device performance.  
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Chapter Six 
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6.1 Introduction: 

In both the mesoporous and planar structure of PvSCs, the electron transport layer (hole 

blocking) ETL and hole transport layer (electron blocking) HTL are used in the high efficient 

PvSCs to achieve fast charge extraction (separation and collection of carriers), lower charge 

recombination and an efficient charge transport process [113]. Most of the reported high 

efficiencies of PvSCs were achieved based on the use of an active perovskite layer sandwiched 

between the ETL and the HTL [114]. Typical transparent metal oxides, such as mesoporous 

titanium dioxide (M-TiO2) and compact TiO2 in the n-i-p mesoscopic structure have been used 

in our study as an ETL. However, M-TiO2 film needs to be annealed at a high temperature of 

450°C for 30 minutes to form the anatase phase [115]. As a result, the fabrication of ETL based 

on TiO2 is not considered a simple manufacturing process or a low-cost fabrication technique, 

or an essential requirement for cost effective solar cells. Moreover, the high temperature 

annealing process is not appropriate for lightweight flexible PvSCs applications such as plastic 

substrates [116]. The fabrication of lightweight and flexible perovskite devices on plastic 

substrates require processes that avoids elevated temperatures [117]. As a result, perovskite 

solar cells prepared without the electron transport layer was investigated and analysed in this 

chapter. 

Liu et al. showed how to fabricate perovskite film on an ITO glass substrate by sequential 

deposition technique without using ETL (compact layer free) that yielded an efficiency of 

13.5% on 0.071cm2 active device area. This study concluded that the ETL (blocking holes) is 

not essential to achieve efficient PvSCs [118]. Recently, Ke et al. demonstrated how to 

fabricate planar halide perovskite active layer deposited directly on FTO glass substrate by a 

solution based process “one-step spin-coating method”. This study illustrated how to fabricate 

devices without using any type of  ETL  and achieved a PCE of 14% with Voc of 1.06 V on an 

active device area of 0.09 cm2 [24]. Huang et al. reported on the fabrication of a perovskite 

film deposited directly on an ultraviolet–ozone processed FTO glass substrate without the use 

of ETL by one-step solution method, which achieved a PCE of 10% on 0.06 cm2 active device 

area [119]. Several studies have been reported in this field showing how to fabricate perovskite 

film without using ETL (holes blocking) with different perovskite structures that exhibited high 

efficiencies [120-123]. However, the efficiencies reported on devices without ETL are well 

below the highest efficiencies achieved with ETL layers.  
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Generally, most reported studies are based on methylammonium lead halides (CH3NH3PbX3) 

(X= I, Br and Cl), which were fabricated using a very small active device area as compared to 

our active area of 0.36 cm2. In this chapter, we investigated cesium Lead halide based PvSCs 

fabricated on FTO glass substrate without using ETL (holes blocking) employing “two-steps 

spin-coating process”. The perovskite device configuration in our study is arranged as follows: 

FTO/ Perovskite CsI0.05 [(FAPbI3)0.85(MAPbBr3)0.15]0.95 / spiro-MeOTAD as the HTL 

(electrons blocking) and an Au electrode. Figure 6.1 shows the schematic diagram of the n-i-p 

mesoscopic structure PvSCs with and without ETL. This type of device architecture could be 

one of the most simplified yet efficient cesium based PvSCs. Our results showed that perovskite 

devices fabricated without ETL produced an acceptable efficiency of around 13%. This 

indicates that the use of ETL is not essential to achieve highly efficient PvSCs. This is due to 

the fact that the FTO layer works as an effective ETL. In addition, eliminating the ETL (TiO2) 

avoids the need for high-temperature treatment processed, resulting in reduced manufacturing 

cost and  a process that is more appropriate for plastic based PvSCs applications . 

 

 

 

 

 

 

 

 

 

Figure 6.1: A schematic diagram of the perovskite solar cells (a) with ETL and (b) without 

ETL. 
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6.2 Experimental work: 

A commercially available FTO (12-15 Ω/sq) glass substrate was used in this work. The 

perovskite film was directly deposited on the FTO glass substrate without ETL. Oxygen Plasma 

Ashing was used first for 2 minutes to clean the FTO glass substrate and improve the adhesion 

between the FTO glass substrate and perovskite active layer. The perovskite film was deposited 

using a “two-steps spin-coating process”. The method of depositing the perovskite films is the 

same as described in chapter three. The deposition methods of the subsequent two layers (spiro-

MeOTAD (HTL) and Au electrodes) followed the same process as outlined in chapter three. 

 

The performance of the perovskite solar cells were measured using Keithley meter and a 

sunlight simulator (ABET Sun3000) AM 1.5G (100 mW/cm2) illumination. The absorbance 

spectrum of perovskite films deposited on ETL and on FTO glass substrate (without ETL) was 

measured using Ultraviolet-Visible spectrometry (Cary 6000i). The topography and surface 

grains of perovskite films deposited on ETL and FTO glass (without ETL) were measured 

using Raith-150 EBL tool. All the perovskite devices measurements were conducted at room 

temperature of 25 ºC under ambient laboratory condition. 

6.3 Results and discussion: 

The optical, structural and electrical properties of the perovskite films deposited on the ETL 

and on FTO glass substrate (without ETL) were examined and analysed. Details of the results 

found will be explained and discussed in the following sections. 

6.3.1 Structural properties of perovskite film deposited on FTO and ETL: 

The morphology of perovskite film deposited on the FTO glass substrate and ETL was imaged 

using an SEM. It can be observed from Figure 6.2 that the perovskite films deposited directly 

on FTO glass has pinholes compared to the perovskite film deposited on ETL.  This indicates 

that the ETL influences the grains size and topography of the perovskite films as it acts as a 

seeding substrate during the deposition of the perovskite active layer. The average grains size 

of the perovskite films deposited on the ETL is 180 nm, whereas, the average grains size of the 

perovskite films deposited on FTO glass is 150 nm. Perovskite films with large grains size has 

produced a lower series resistance, which led to improving the performance of PvSCs [86]. 
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                                   (a)                                                                      (b)                                   

Figure 6.2: An SEM image of perovskite film deposited on (a) ETL and (b) FTO glass without 

ETL. 

 

6.3.2 Optical properties of perovskite film deposited on FTO and ETL 

The absorbance of the perovskite films deposited directly on the FTO glass substrate and on ETL were 

measured over the 440 nm to 800 nm range and it is shown in Figure 6.3. It can be observed that the 

perovskite film deposited on the ETL shows that the absorption coefficient is 10% higher than 

perovskite films deposited directly on the FTO glass over a wide range of wavelengths between 400 nm 

to 700 nm.  

 

Figure 6.3: Absorbance spectrum of perovskite film deposited on (a) the ETL and (b) FTO 

glass without ETL. 
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Figure 6.4 describes the energy bandgap diagram of the entire fabricated device (without ETL). 

It illustrates the energy band diagram of the device and potential transportation of the photo-

generated carriers (electrons and holes). The Au back contact produces an excellent ohmic 

contact with HTL (spiro-MeOTAD). 

 

 

 

 

 

 

 

 

Figure 6.4: Schematic representation of the energy band diagram of a typical fabricated device 

without ETL [120, 121]. 

6.3.3 Current density-Voltage (J-V) characteristics of perovskite films deposited directly 

on the FTO and on ETL: 

All the illuminated current density-voltage characteristics of the PvSCs were measured using 

(ABET Sun3000) with AM 1.5G sunlight simulator with an average light intensity of 100 

mw/cm2. In our study, the overall samples size was 2.5 x 2.5 cm2 with an active devices area 

of 0.25 cm2 and 0.36 cm2 for comparison. The measured value of our active device area is 0.36 

cm2, which is larger than most areas reported in the literature [24, 120, 121]. This indicates the 

potential of scaling up attributed to the use of cesium Lead halide perovskite CsI0.05 

[(FAPbI3)0.85 (MAPbBr3)0.15]0.95 instead of MAI (CH3NH3PbI3). To ensure reproducibility, 20 

samples were fabricated without using ETL (perovskite film deposited directly on FTO glass 

substrate). Table 6.1 shows all key solar cells electrical parameters of perovskite films 

deposited on ETL and FTO glass (without ETL). Figure 6.5 shows the (J-V) characteristic 

curves of the PvSCs. The perovskite device fabricated without ETL yielded a PCE of 12.5% in 

the forward sweep and 13.7% backward sweep. The current density (Jsc) for both perovskite 

devices with and without using ETL are approximately the same at 26 mA/cm2. There is a 
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noticeable 15% increase in Voc in the perovskite film deposited on the ETL compared to the 

perovskite deposited on FTO glass (without ETL). The perovskite film deposited on the ETL 

shows the absorption coefficient higher than perovskite films deposited directly on the FTO 

glass over a wide range of wavelengths as shown in Figure 6.3. This could be one of the reasons 

for the open-circuit voltage being less than 1V obtained for the perovskite deposited directly 

on FTO glass. The fill factor (FF) has slightly increased by 2.5% in the perovskite deposited 

on the ETL compared to the perovskite deposited on FTO glass. The improvement in the FF 

and Voc are attributed to the drop in the series resistance from 12 to 9.3 Ω.cm2 for perovskite 

on ETL. The hysteresis phenomena in the perovskite devices without ETL is weak. Finally, it 

can be noticed that the PCE of the PvSCs without ETL produced 16% lower efficiency than 

PvSCs with ETL. However, the PCE of the perovskite without ETL is still suitable for 

commercial applications. The improvement in efficiency of perovskite devices deposited on 

the ETL is due to the larger grains size and higher absorption coefficient compared to 

perovskite deposited directly on the FTO. 

 

Table 6.1: Perovskite solar cells key parameters measured for perovskite films deposited on 

the ETL and on FTO glass (without ETL). The green highlight is showing the average value 

for each set of parameters. 

Sample 

description 

Sweep 

Direction 

EFF

% 
FF% 

Voc 

[mV] 

Jsc 

[mA/cm2] 

Vmax 

[mV] 

Jmax 

[mA/cm2] 

Isc 

[mA] 

Rshunt 

[Ω.cm2] 

Rseries 

[Ω.cm2] 

Active 

Area 

Perovskite 

solar cells 

Without ETL 

 

Forward 12.5 51.8 910 26.3 556 22.5 9.5 1159 13 0.36 

Backward 13.7 58 916 25.8 612 22.4 9.4 3700 11 0.36 

Average 13.1 54.9 913 26 584 22.45 9.45 2429 12 0.36 

Perovskite 

solar cells 

With ETL 

 

Forward 15 53 1049 26.4 724 20.3 9.4 1306 9.7 0.36 

Backward 16.3 59.5 1052 25.6 780 20.4 9.07 4024 9 0.36 

Average 15.6 56.2 1050 26 752 20.3 9.2 2665 9.3 0.36 
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Figure 6.5: The illuminated J-V characteristic curves of perovskite films deposited on ETL and 

FTO glass (without ETL). 

The efficiency of the 0.36 cm2 active device area is lower than the 0.25 cm2 device owing to 

increasing defect density. However, scaling up is beyond the scope of this study. Table 6.2 

displays perovskite solar cell key parameters measured for device active areas of (0.25 cm2 and 

0.36 cm2). Figure 6.6 shows the J-V characteristic curves of the fabricated PvSC. The PCE of 

the perovskite deposited on FTO glass with an active area of 0.25 cm2 is 8% higher than that 

of a 0.36 cm2 active area. The rest of PvSCs key parameters have approximately similar values. 

However, there is a 7% increasing in the Voc of the perovskite device fabricated using active 

area of 0.25 cm2 compared to 0.36 cm2. The efficiency of device in the 0.36 cm2 active area is 

lower than that of the device with an active area of 0.25 cm2. This is due to the presence of 

higher defect density and pinholes when scaling up is applied. 
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Table 6.2: Perovskite solar cells key parameters measured for perovskite films deposited on 

ETL and FTO glass (without ETL). The green highlight is showing the average value for each 

set of parameters. 

Sample 

description 

Sweep 

Direction 

EFF

% 
FF% 

Voc 

[mV] 

Jsc 

[mA/cm2] 

Vmax 

[mV] 

Jmax 

[mA/cm2] 

Isc 

[mA] 

Rshunt 

[Ω.cm2] 

Rseries 

[Ω.cm2] 

Perovskite 

Without ETL 

[Active area 

0.25 cm2] 

Forward 13.3 51.8 965 26.6 612 21.6 6.6 827 13 

Backward 15.1 60 991 25.2 724 20.9 6.3 1797 10 

Average 14.2 55.9 978 25.9 668 21.2 6.4 1312 11.5 

Perovskite 

Without ETL 

[Active area 

0.36 cm2] 

Forward 12.5 51.8 910 26.3 556 22.5 9.5 1159 13 

Backward 13.7 58 916 25.8 612 22.4 9.4 3700 11 

Average 13.1 54.9 913 26 584 22.45 9.45 2429 12 

 

 

Figure 6.6: The illuminated J-V characteristic curves of perovskite films deposited on FTO 

glass (without ETL) with active area 0.25 cm2 and 0.36 cm2. 
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6.4 Conclusions: 

In this study, n-i-p mesoscopic perovskite solar cells with simplified structure were fabricated 

using a two-steps spin coating process without ETL (holes blocking). The obtained results 

showed that the perovskite film deposited directly on FTO glass substrate shows an absorption 

coefficient that is 10% lower than perovskite film deposited on ETL over a range of 

wavelengths between 400-700 nm. Perovskite films deposited directly on FTO glass substrate 

show smaller grains size and higher pinholes density compared to the perovskite films 

deposited on ETL. In cases where sputtering machine is unavailable or sputtering process is 

not desired, and to avoid high temperature treatments, we conducted this study.  We found that 

the efficiency loss for samples prepared without ETL is only around 17%. The PCE of the 

perovskite devices without ETL is 13%, whereas, the PCE of the perovskite devices with ETL 

is 15.6% based on an active area of 0.36 cm2. This study shows that perovskite devices without 

ETL can be fabricated with acceptable efficiency of around 14.2% based on 0.25 cm2 active 

area. Manufacturing of PvSCs without using ETL is very important for low-temperature 

fabrications and for PvSCs on plastic substrates. 
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Chapter Seven 

Wavelength selective solar cells using triple cation perovskite 

Part of this chapter was published in the following article: 

Ahmed Hayali, Roger J. Reeves, and Maan M. Alkaisi. 2022. “Wavelength Selective Solar 

Cells Using Triple Cation Perovskite” Nanomaterials 12, no. 19: 3299. 

https://doi.org/10.3390/nano12193299. 
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7.1 Introduction 

Due to the global climate changes and energy demands, renewable energy sources are proposed 

to provide the electricity required in a secure and sustainable manner.  Moreover, energy supply 

for food production under varying environmental conditions has to be provided for large scale 

production structures such as greenhouses. Generally, light is one of the important factors in 

plant’s growth cycle and is affected by two main factors, these are, intensity and radiation 

spectral distribution of light. Photosynthesis process for example, depends more on intensity 

of light energy, whereas, plant taste, colour and aroma can be affected by the radiation spectral 

distribution of light [124]. The common environment of growing plants for mass production 

under controlled conditions including the light intensity are greenhouses. However, electricity 

is required for irrigation, ventilation, sensing, heating and lighting among other things. As a 

result, plants growing in greenhouses are more expensive. To reduce the cost of plantation, 

solar cells powered greenhouses are proposed. The solar cells can provide the greenhouse with 

heat required and power without using the power from grid. However, silicon solar cells require 

a huge land area to accommodate all the silicon solar cell panels that a greenhouse requires. 

Silicon solar cells can be placed on the rooftop of the greenhouse to solve the problem of 

needing huge lands. However, the silicon solar cells are not transparent, which means all 

incident light will be absorbed or reflected by the silicon solar panels before reaching the plants 

in the greenhouse.  Consequently, plants inside the greenhouse cannot obtain light enough for 

their cycle of growth. Thin-film solar cells can overcome this problem by absorbing sunlight 

with a certain wavelengths and allow the rest of the wavelengths to pass to the plants inside 

greenhouse. Thin film amorphous silicon solar cells were reported recently for greenhouse 

applications [125]. However, it has been found that thin-film amorphous silicon absorbs light 

wavelengths in the range between 500-600 nm that are fundamental for plant-photosynthesis 

[126].  

In this chapter, development of perovskite based solar cells that has the potential for greenhouse 

applications is presented. An attempt to develop solar cells that share the sunlight with plants 

through wavelength selective properties have been proposed in this work. We demonstrate 

achieving wavelength selectivity by changing the composition of the triple cation perovskite 

thin films. The Photoluminescence (PL) peak has been shifted by changing the anion like iodine 

(I), bromine (Br), chlorine (Cl) such as I/Br, Br/Cl, I/Cl and I/Br/Cl mixture concentration. 

Essentially, for high concentration of Br, the PL peak shifts to blue wavelengths shorter than 
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550 nm. Perovskite with high content of iodine shows a PL peak in the IR (red) wavelength of 

790 nm, which agrees with the reported results [127]. By mixing Br and Cl, the PL peak shifted 

further towards wavelength shorter than 500 nm. We are reporting on perovskite solar cells 

(PvSCs) with selective wavelengths response to enable the fabrication solar cells that absorb 

wavelengths that are not utilised by plants or not wanted in certain glass building structures. In 

other words, solar cells that share the sunlight with other absorbers. This has the potential of 

opening up new applications of perovskite based solar cells in smart windows, building 

integrated PV and in greenhouses. 

 

Figure 7.1: Absorption spectrum of chlorophyll a and b in typical plant. The dotted lines 

represent the potential spectra for designing perovskite solar cells that utilize wavelengths not 

absorbed by the plant [128]. 

Figure 7.1 shows an example of percentage of light absorbed by plants as a function of 

wavelength during the photosynthesis process. The dotted lines represent our proposed 

wavelength selective perovskite solar cell that operates in the wavelength range from 520 nm 

to 620 nm with a peak at 580 nm. In this wavelength sharing arrangement, the plants will get 

the needed wavelength (UV and IR) to continue the growth cycle. At the same time, the solar  
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cells can utilise the unwanted wavelengths of the sun radiation spectrum to generate the 

electricity required to run the greenhouse. This should help in providing a more sustainable 

source of energy for food production.  

Different concentrations of I and Br mixture with methylammonium (MA) in perovskite solar 

cells was reported by Noh et al. in 2013. They have found that increasing the content of Br in 

the perovskite active layer (MAPbI3) has led to shift towards blue wavelengths of the optical 

absorption spectrum [129]. Kulkarni et al. in 2014 have shown the possibility of achieving 

bandgap tuning of lead halide PvSCs [130]. Another attempt in 2015 to use reversible halide 

exchange reaction as an alternative tuning method had been reported by Jang et al. [131]. Other 

researchers have achieved high visible light absorption, and fabricated semi-transparent PvSCs 

with transparent electrodes [132, 133]. It was also reported that the use of anti-solvent in the 

preparation process of perovskite could improve its transparency [134]. A number of researches 

have focused on wavelength adjustment by adding another layer on the perovskite active 

materials or combine the perovskite cell with other device [135-137]. Others have proposed 

that by changing the iodine, bromine, or chlorine in the MAPbX3 mixtures, bandgap tuning can 

be achieved and resulted in a shift in the absorption spectrum [138]. Although there are other 

researchers who reported on the bandgap tuning but these were not specifically for greenhouse 

applications. In our study, we prepared a range of perovskite-based solar cells that can absorb 

the sunlight with a wide range of absorbance spectrum by changing the composition of 

perovskite film. Herein, limitations and challenges of this study will be discussed. 

To our knowledge, there is little research reported on using triple cation perovskite to achieve 

wavelength selectivity and no study is reported on changing the composition of cesium Lead 

halide based hybrid perovskite layer to achieve material with a selective wavelength 

absorption. However, there was a study that utilised triple cation mixed-halide perovskites to 

tune the bandgap for laser purposes [139]. In spite of this, the reported literature have not shown 

a full set of PL characterization and optical properties analysis for the triple cation perovskite 

solar cells. In the present study, we are reporting on perovskite films and solar cells prepared 

with different compositions of cesium with detailed optical characterization and devices 

performance analysis. These devices exhibit efficiencies ranging from 1% to 15.5% and 

bandgap ranging from 1.54 eV to 2.4 eV. In this study, we included comparison of solar cells  

performance prepared with different composition. The absorbance and transmission, 

Photoluminescence, PL decay time, SEM images and XRD for different compositions of 
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perovskite were presented and discussed. The efficiency of solar cells prepared were measured 

for each composition, and full device characterization including series, shunt resistance, current 

density, open circuit voltage and fill factor are presented. In addition, the active area of all 

devices studied in the present work were 0.36 cm2 with highest efficiency achieved of 15.5%. 

The wavelength selective devices have potential in applications where bandgap engineering is 

required such as smart windows for UV blocking, building integrated PV for energy generation 

and for transparent greenhouses roofs. 

7.2. Experimental work: 

7.2.1 Materials: 

All the process protocols and fabrication techniques used in this chapter are similar to those 

described in chapter three. However, there are other materials that were used in this section 

specifically. The composition of triple cation perovskite materials have been changed to obtain 

the required shift in wavelengths absorption and change in the bandgap. For example, 

formamidinium bromide (FABr), formamidinium chloride (FACl), methylammonium iodide 

(MAI) and methylammonium chloride (MACl) were changed to achieve wavelength tuning. 

All these chemical materials were procured from Greatcell solar. The concentrations of  lead 

(II) iodide (PbI2), lead (II) bromide (PbBr2), lead (II) chloride (PbCl2), cesium iodide (CsI), 

cesium bromide (CsBr), and cesium chloride (CsCl), which were purchased from 

Luminescence technology corp. (Lumtec) where changed systematically. The concentrations 

used in this study to fabricate perovskite active layer are shown in Table 7.1.  

7.2.2 Solar cell fabrication: 

In this study, the electron transport layer (ETL) and hole transport layer (HTL) were kept the 

same for all solar cells prepared. The method of preparing the ETL and HTL presented in this 

chapter follow the same protocol as described in chapter three. In the ETL, the compact TiO2 

was deposited on the FTO glass substrate using DC-sputtering powered at 200W [115]. The 

perovskite film was prepared with varied compositions to achieve the wavelength selectivity. 

The active perovskite layer was prepared as illustrated in Table 7.1. The perovskite layer was 

deposited with two steps spinning in a glovebox filled with N2. The first step was pouring 100 

µL of the triple cation perovskite precursor prepared (with different concentrations of  I, Br 

and Cl) on the FTO substrates at a spinning speed of 1000 rpm for 10 sec. Then, a second step 

of spinning at 6000 rpm for 25 sec followed by dispensing 230µL chlorobenzene for 10 sec 
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before the end of the rotation and then annealed at 100 °C for 40 min.  Figure 7.2 illustrates the 

flowchart of perovskite solar cells manufacturing process.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2: A flowchart of perovskite solar cells manufacturing. 

7.2.3 Characterization: 

Surface morphology of the perovskite active layer with different compositions was imaged 

using scanning electron microscope (SEM) based on a Raith-150 EBL machine. Optical 

absorbance and transmission versus wavelengths were measured using Cary 6000i UV-Vis 

spectrometer. All current-voltage (J-V) characteristics were measured using (ABET Sun3000) 

with AM 1.5G sunlight simulator conditions providing an average light intensity of 100 

mw/cm2. Photoluminescence spectrometry and PL decay times of different compositions 

perovskite were analysed at room temperature, using a continuous 1 mW intensity laser as a 

light source at wavelength of 405 nm and a detector to measure the intensity of the photons 

generated. Reference ABET silicon solar cell were employed for comparison and reference 

calibration. X-ray diffraction (XRD) based on the Rigaku SmartLab X-ray diffractometer 

system was used to characterize the crystal structure of perovskite films with different 

compositions. 

Clean FTO- glass substrate 

Compact TiO2 using Ti-Target (Ar+O2) (DC- Sputtering) 

Triple cation perovskite (spin coating) 

HTL Spiro-MeOTAD+ Li+ +TBP (spin coating) 

Gold as an electrode (EB evaporation) 

ETL Mesoporous-TiO2+Fk209 (spin coating) 



Wavelength selective solar cells using triple cation perovskite                                                           Chapter 7 

 

130 

 

7.2.4 Modification of perovskite composition: 

Table 7.1 shows all the compositions of the triple cation perovskite examined in this work. The 

devices fabricated for this study were based on the n-i-p mesoscopic structure (refer to chapter 

1) with triple cation perovskite utilized as the active layer. Figure 7.3 illustrates the main 

structure of the PvSC device employed in this work. This study investigates changing the 

composition of the perovskite active layer to achieve wavelength selectivity while keeping all 

other device layers the same. All the modifications in the composition concentration were 

performed on the triple cation perovskite active layer as this material produced the highest 

device efficiency. The electron transport and hole transport layers were unchanged for all 

samples in this study.  

 

 

Figure 7.3: A schematic typical structure of the perovskite solar cell. 

 

In table 7.1, a list states the 12 compositions used in the 12 samples fabricated. For example, 

composition 1 CsI0.05[FAMAPb(I0.85Br0.15)3]0.95 is the control  composition sample, which  was 

obtained by mixing a 1M of FAI, 0.2M of MABr, 1.1M of PbI2 and 0.2M of PbBr2, and finally 

adding 5% of CsI to the total precursor volume. In composition 2 sample, high content of iodine 

was used such as FAI (1M), MAI (0.2M) and PbI3 (1.3 M) and then added 5% of CsI to the 

total precursor volume. In composition 4 sample, high content of bromine was used such as 

FABr (1M), MABr (0.2M) and PbBr3 (1.3 M) and then added 5% of CsBr to the total precursor 

volume. For the rest of the samples (5 to 8), the same mole concentration was kept for cation 

FA (I, Br, Cl), MA (I, Br, Cl) and Cs (I, Br, Cl) as shown in Table 7.1. In samples 9 to 11, the 

concentrations of all anion materials Pb (I, Br and Cl ) were kept in the same molarity ratio. 

However, the concentration molarity for FA (I, Br, Cl) and MA (I, Br, Cl) were made different. 
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Finally, sample 12 was used as control sample 1 but the concentration weight in both PbI2 and 

PbBr2 were equal. 

Table 7.1: Composition of materials used to prepare the triple cation perovskite precursor. 

Sample 
composition 

NO. 

Description 
FAI 
(M) 

FABr 
(M) 

FACl 
(M) 

MAI 
(M) 

MABr 
(M) 

MACl 
(M) 

PbI2 
(M) 

PbBr2 
(M) 

PbCl2 
(M) 

CsI 
(% ) 

CsBr 
(% ) 

CsCl 
(% ) 

1 0.95]3)0.15Br0.85[FAMAPb(I0.05CsI 1    0.2  1.1 0.2  5   

2 0.95]3[FAMAPb(I)0.05CsI 1   0.2   1.3   5   

3 0.95]3)0.15I0.85[FAMAPb(Br0.05CsBr  1  0.2   0.2 1.1   5  

4 0.95]3[FAMAPb(Br)0.05CsBr  1   0.2   1.3   5  

5 0.95]3)0.15Cl0.85[FAMAPb(Br0.05CsBr  1    0.2  1.1 0.2  5  

6 0.95]3)0.15Br0.85[FAMAPb(Cl0.05CsCl   1  0.2   0.2 1.1   5 

7 0.95]3)0.15Cl0.85[FAMAPb(I0.05CsI 1     0.2 1.1  0.2 5   

8 0.95]3)0.15I0.85[FAMAPb(Cl0.05CsCl   1 0.2   0.2  1.1   5 

9 0.95]3)0.13Cl0.17Br0.7MAPb(I2[FA0.05CsI 0.83 0.83    0.16 0.95 0.17 0.17 5   

10 0.95]3)0.13Cl0.17Br0.7Pb(I2[FAMA0.05CsI   0.83 0.09 0.17  0.95 0.17 0.17 5   

11 0.95]3)0.13Cl0.17Br0.7Pb(I3[MA0.05CsI    0.09 0.18 0.33 0.95 0.17 0.17 5   

12 0.95]3)0.5Br0.5[FAMAPb(I0.05CsI 1    0.2  0.63 0.79  5   

 

7.3. Results and discussion: 

7.3.1. Optical properties of various composition of the perovskite films: 

The absorbance and transmittance of the perovskite active layer with different compositions 

were measured using Cary UV spectrometer. It can be seen from Figure 7.4 that by changing 

the composition of perovskite film, the light absorbance spectra shifts accordingly in the UV-

Vis wavelengths range. Anions additive like (I, Br, Cl) tend to change the size and structure of 

the perovskite crystal and therefore resulted in varying the bandgap of the material [140]. 

Sample 2 (with a high content of iodine) shows high light absorbance and low transparency at 

the wavelength range (500-800 nm) compared to other compositions. Sample 4 (with a high 

content of bromine) shows low light absorbance at short wavelengths (300-440 nm) compared 

to the other compositions tested in this work. Interestingly, samples 3 and 5 (with a high content 

of bromine and low content of iodine or chlorine) show very low light absorbance at 

wavelengths (300-800 nm). Sample 6 (with a high content of chlorine and low content of 

bromine) shows very low light absorbance in the short wavelengths region (440-540 nm). It 

can be observed that sample 12 (with equal concentration of iodine and bromine) has a higher 
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absorbance of light at wavelengths between 400-800 nm compared with sample 1 (with high 

content of iodine and low content of bromine). 

Figure 7.5 shows that the transparency has been changed from 80% down to 10% in the 

wavelengths range between (450-900) nm for perovskite with varying compositions of I rich 

to Br rich films. The transparency drops to 0 % at very short wavelengths for all compositions 

as perovskite films absorb strongly in the wavelength range shorter than 400nm. When high 

content of I is used such as in sample 2, the transparency is less than 10 % in the range (600-

750) nm. This composition gave very dark brown colour films that absorb most incident light 

in this wavelength range. In contrast, using low content of iodine such as samples (3, 4, 6, 8, 

9) results in transparency of more than 60 % in the wavelength range 600-900 nm. 

 

Figure 7.4: Optical absorbance spectrum of various compositions of the perovskite films (refer 

to table 7.1 for composition details). 
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Figure 7.5: Optical transparency properties of various compositions of the perovskite materials 

(refer to table 7.1 for composition details). 

 

The optical energy band gap of the films can be extrapolated from the absorption data using 

Tauc plot method [80]. The Tauc plot in Figure 7.6 shows that by changing the composition of 

the perovskite active layer, the bandgap of the perovskite samples are changed.  Samples with 

high content of iodine shifted the bandgap to lower energies (Eg =1.54 eV), whereas, samples 

with high content of bromine or chlorine shifted the bandgap to higher energy (Eg =2.4 eV). 

The energy gap was high when using high content of Br. By increasing the bromine ratio to 

iodine or chlorine, the energy gap can be fine-tuned and centred in the middle of the visible 

spectrum. 
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Figure 7.6: Energy gap extrapolation of various compositions of the perovskite materials. The 

energy gap changed from 1.54 eV to 2.4eV as the content and ratio of iodine and bromine 

varied in the perovskite mixture.  

 

7.3.2 Photoluminescence measurements of various compositions of the perovskite films: 

Photoluminescence (PL) measurement was conducted to extract the PL peak emission for 

different compositions of the perovskite active layer. The PL peak is an important indication 

of how the different compositions of perovskite are influencing the PL emission spectra and   

which composition is suitable for greenhouse solar cells applications. Changing the perovskite 

composition would also produce changes in the bandgap of the material, which can be 

determined using PL measurement. Generally, there is strong correlations between the 

perovskite composition and its optical properties such as absorption edge and PL spectrum. 

Figure 7.7 illustrates a normalised photoluminescence spectra peaks for various compositions 

of the perovskite material.  I will group the materials according to their PL peak, Group A (IR 

range), samples 1, 2 and 7 have high content of iodine with the PL peak emission from 770 nm 

to 790 nm. By increasing the concentration of bromine and decreasing the concentration of 

iodine, the PL peak is shifted to the blue short wavelengths region of the spectra. Group B (UV 
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range) are represented by samples 3, 4, 5, 6, and 8 with a peak PL emission at wavelength range 

from 525 nm to 590 nm. Group C (VIS range) sample 12 (with equal concentration of iodine 

and bromine) produced a PL peak at 655 nm. Sample number 12 exhibited an emission peak 

at 655 nm illustrating the range and control that is possible by composition changes. By using 

high content of iodine and low content of chlorine and bromine, and changing the concentration 

of cation (MA and FA) as in samples (9,10,11), the peak of PL can be shifted  from 678 nm to 

730 nm.  The PL spectrum of most samples tested in this study are in agreement with what 

have been reported in literature [79, 127, 141]. 

 

Figure 7.7: Normalised photoluminescence peak of various compositions of the perovskite 

material. Group A(IR range) samples, 1, 2 and 7, Group B(UV range) are represented by 

samples 3, 4, 5, 6, and 8 Group C (VIS range) samples 9, 10, 11 and 12. Sample number 12 

exhibited an emission peak at 655 nm illustrating the range and control possible by composition 

changes. 

 

Figure 7.8 shows the decay lifetime of PL intensity for different perovskite compositions. For 

example, sample composition 1 with high content of iodine has a lifetime of 174 ns compared 
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perovskite indicates enough time to separate electron hole pairs before recombination, which 

can improve the performance of the PvSCs [142]. 

 

Figure 7.8: Photoluminescence intensity decay of various compositions of the perovskite 

material. 

 

Figure 7.9 shows 12 samples of perovskite active layer prepared with different compositions  

and deposited on glass substrate coated with mesoporous TiO2. All perovskite films were 

fabricated inside a glove box and annealed at 100 °C for 40 min to improve the crystal quality 

of perovskite layer [143]. It can be seen from Figure 7.9 that by changing the composition of 

the perovskite active layer, the colour of the films are changed from opaque dark to light 

transparent films. Furthermore, the PL peak emission is shifted due to the change in the 

perovskite mixture, mainly the iodine and bromine. This demonstrates that by changing the 

composition of the perovskite active layer, tuning of their optical properties and fabrication of 

wavelength selective solar cells are possible. 
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Figure 7.9: Optical images of the perovskite active layer with various compositions deposited 

on the electron transport layer TiO2 coated glass. Illustrating the range of colours that are 

possible with these mixtures. 

 

7.3.3 Structural properties of various compositions of the perovskite films: 

Figure 7.10 displays direct incident SEM images of the main 12 different active perovskite 

films prepared with different compositions. ImageJ software was used to compute the grains 

size and Origin9 software was used to calculate their average grains size. Different 

compositions of the triple cation perovskite films have resulted in different grains size and 

crystal structure as shown in Figure 7.10. The topography and grains size of the perovskite 

solar cells fabricated with different compositions are presented in this study. 
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Figure 7.10: SEM images of the perovskite active layer prepared with different compositions 

for the 12 samples as detailed in Table 7.1 and are numbered accordingly. 

Five samples were fabricated for each composition of the perovskite active layer and tested to 

verify the reproducibility and uniformity of the devices. Table 7.2 lists the average solar cells 

efficiency and the corresponding bandgap for the 12 samples of perovskite films prepared with 

different compositions, the efficiencies were obtained using ABET sunlight simulator with 

calibrated reference cell under AM1.5 condition. Generally, we did not find correlation 

between bandgap value and efficiency of perovskite cells due to other factors such as 

absorption, transparency, grains size and series resistance, which might affect the efficiency. 
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For example, in composition 3, the energy gap is 2.16 eV. However, it has also a high 

transparency, which allow most of the incident light to pass through the active perovskite layer 

and not absorbed as shown in Figure 7.5. Moreover, this composition has shorter carrier 

lifetime of 96.2 ns compared to other compositions. The SEM image of this sample shows that 

the perovskite film has small grains size, which might led to the high series resistance and 

resulted in a drop in efficiency. Table 7.2 shows the average solar cells efficiencies and 

bandgaps for all perovskite active layers with various compositions. 

 

Table 7.2: Efficiencies, grains size, lifetime and bandgaps of perovskite active layer with 

different compositions. 

 

 

Samples 

composition No. 

Efficiency 

% 

Grain size 

(nm) 

Energy gap 

(eV) 

PL at 

wavelength 

λ (nm) 

Life time 

(ns) 

Composition 1 15.5 190 1.62 770 173.99 

Composition 2 13.3 221 1.54 794 158.94 

Composition 3 4.13 193 2.16 577 96.28 

Composition 4 4.7 102 2.265 548 242.48 

Composition 5 3.5 257 2.3 540 103.4 

Composition 6 0.7 322 2.4 523 360.3 

Composition 7 13.3 249 1.7 781 251.5 

Composition 8 1.05 353 2.2 598 4.31 

Composition 9 3.5 245 1.75 720 140.4 

Composition 10 1.9 204 1.82 680 262.9 

Composition 11 1.33 160 1.69 732 104.2 

Composition 12 9.1 249 1.88 660 142.4 
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Figure 7.11: XRD patterns spectra of the perovskite active layer prepared with different 

composition.  

X-ray diffraction (XRD) analysis was conducted on different compositions of triple cation 

perovskite prepared on the FTO glass substrate. The XRD was used to characterize and analyze 

the crystal structure (crystallographic properties) of the perovskite active layer. The XRD 

spectra were measured using Rigaku SmartLab X-ray diffractometer system for perovskite 

samples prepared with different compositions.  Sample 1 (high contain of iodine and low 

content of bromine) and sample 11 (high contain of iodine and low content of bromine and 

chlorine) exhibit low intensity XRD at an angle of 12.7º. In sample 2 (high content of iodine), 

the first peak was at 12º and second high intensity peak was at 22.5º. Sample 1 exhibits the 

typical characteristic perovskite XRD peak at around 12º, which agrees with the reported XRD 

studies [79, 92, 144, 145]. Sample 3 (high contain of bromine and low content of iodine), 

PbI2 PbBr2 

PbCl2 
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sample 4 (high content of bromine) and sample 5 (high contain of bromine and low content of 

chlorine) show different intensities but have the same angle of 14.8º [146]. Sample 5 (high 

contain of bromine and low content of chlorine) produced the high XRD intensity. Suzuki et 

al. have showed that by increasing the percentage of Br, the lattice constant of the bromine ions 

is decreased [147]. Sample 6 (high contain of chlorine and low content of bromine) produced 

the highest XRD intensity compared to other compositions. It can be observed that when equal 

concentration of iodine and bromine is used (sample 12), the intensity is higher as compared 

to sample 1, but both peak intensities are at same angle (2θ) of 12.7º. The XRD spectra in 

Figure 7.11 illustrates that the perovskite prepared with iodine (sample 1 and 2) has lower XRD 

intensity than the bromide and chloride samples [26]. XRD analysis showed a shift to lower 

angles (around 12º) when the content of the iodide is increased, while bromide or chloride 

showed a shift to higher angles (around 15º) when its composition is increased [147]. The 

observed XRD results showed that when using high content of bromine or chlorine (such as 

samples 5 and 6), high XRD intensity has been obtained. In contrast, when using high iodine 

concentration (such as samples 1 and 2), low XRD intensity has been obtained. The sharper 

the peak in XRD indicates that all X-rays are diffracted from the same sets of lattice atoms. 

This is the results of the periodicity and uniformity in the film structure. 

The diffracted angle is changing with change the composition of perovskite film. This study 

has shown that the XRD peak intensity has shifted from 11.5º to 31.5º by changing the 

concentration of the I, Br and Cl in the perovskite films. Shifting the value of 2θ from low to 

high means that the lattice constants is decreasing. This is because of the lattice decrease in 

size, in this case the shift will be towards larger angle, if the lattice is increasing in size, it shifts 

towards smaller angle. This is indicating that the crystal structure and lattice constants of the 

perovskite film have been changed by changing the composition. The use of iodine, therefore 

reduce the value of the (2θ) angle and the use of bromine or chlorine will increase the (2θ) 

angle.  

7.3.4 Current-Voltage characteristics of the perovskite solar cells prepared with different 

compositions: 

Figure 7.12 shows the current density-voltage (J-V) characteristic curves of the PvSCs prepared 

with different compositions for both the forward and backward sweeping. The J-V curves were 

measured under an AM 1.5G solar simulator with light intensity of 100 mW/cm2. In this work, 

the overall samples size was 2.5 x 2.5 cm2 with an active device area of 0.36 cm2. Five samples 
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were fabricated in the same batch for each composition to verify the reproducibility and 

consistency. It can be seen from Table 7.3 that by changing the composition of the perovskite 

active layer, the performance of devices are varied due to changing the bandgap, absorption 

peak, lifetime and film conductivity. 

Table 7.3: Perovskite solar cells key parameters measured for different compositions of the 

perovskite active layer. The green highlighted is the one that gave a spectral response more 

suitable for greenhouse applications.  

Sample 

composition 

Sweep 

Direction 

EFF

% 
FF% 

Voc 

[mV] 

Jsc 

[mA/Cm2] 

Vmax 

[mV] 

Jmax 

[mA/Cm2] 

Isc 

[mA] 

Rshunt 

[Ω.cm2] 

Rseries 

[Ω.cm2] 

1 
Forward 15 53 1049 26.4 724 20.3 9.4 1305 9.3 

Backward 16.4 60 1052 25.4 780 20.4 9.07 2024 8.6 

2 
Forward 12.5 53 1005 23.3 696 17.9 8.4 975 11.2 

Backward 14 53.9 1003 25.9 696 20 9.3 1725 9.7 

3 
Forward 4.2 56 939 7.8 696 5.94 2.8 532 27.3 

Backward 4 56 928 7.7 668 6.02 2.7 2681 23.2 

4 
Forward 3.92 55 1094 6.51 780 5.04 2.3 1824 32.7 

Backward 4.7 58 1132 7 864 5.46 2.5 8384 24.5 

5 
Forward 2.5 44.8 973 5.81 691 3.64 2.1 417 39.6 

Backward 3.5 55.3 1013 6.3 754 4.69 2.2 16776 30.7 

6 
Forward 0.13 35.4 553 0.63 332 0.37 0.22 1933 504 

Backward 0.15 37 575 0.67 360 0.37 0.24 2235 437 

7 
Forward 12.2 48.9 1049 23.8 668 18.3 8.5 921 11.2 

Backward 14.8 57.8 1078 23.8 780 18.9 8.5 2153 9.5 

8 
Forward 0.07 29.8 381 0.61 192 0.36 0.22 941 519 

Backward 0.1 31.2 485 0.61 276 0.35 0.22 1252 472 

9 
Forward 3.43 63 1077 5 808 4.2 1.78 12279 22.6 

Backward 3.66 57.6 1069 5.95 696 5.26 2.12 21586 75.6 

10 
Forward 1.4 46 805 3.78 500 2.8 1.3 939 40 

Backward 1.86 54 796 4.3 584 3.15 1.52 2032 27.7 

11 
Forward 1.25 44 863 3.27 556 2.25 1.16 1262 108 

Backward 1.4 45 840 3.6 528 2.6 1.3 1349 94 

12 
Forward 8.3 50 970 17.22 612 13.58 6.14 508 20 

Backward 9.9 58 1046 16.2 780 12.6 5.8 976 11 
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Figure 7.12 shows the J-V characteristic curves of PvSCs fabricated with different 

compositions. Both the forward and backward sweeping were tested and the results are shown 

in Table 7.3. Generally, it can be observed from Table 7.3 that high efficiency perovskite solar 

cells can be achieved when high content of iodine and low content of bromine is used as 

demonstrated by sample 1 testing results. Using high content of bromine and low content of 

iodine or chlorine resulted in a drop the efficiency of the PvSCs to around 4%. A very low 

efficiency of less than 1% was obtained when high content of chlorine and low content bromine 

or iodine were used. In samples 6 and 8, the efficiencies were less than 1% due to their high 

transparency and large bandgap, in addition to their high series resistance. It is worth 

mentioning that we have prepared perovskite solar cells that had peak absorption at 600-700 

nm wavelengths. This was achieved by using an equal concentration of iodine and bromine as 

in sample 12, and the efficiency was found to be around 9.5%.  Hence, by tuning a solar cell 

absorption spectrum in the required wavelength, the efficiency might drop. The efficiency of 

wavelength selective cells are in general less than the optimum solar cell, which has an average 

efficiency of 15.5%. However, the lost in efficiency is still within acceptable range for 

commercial cost effective production. In this composition, the absorbed light wavelength is in 

the UV- visible range and is centred at 660 nm. The rest of the wavelengths(IR) can be utilised 

for other applications such as in greenhouses for plantation. We have investigated the 

advantages and limitations of the wavelength selective perovskite solar cells with potential for 

greenhouse applications. The cost of fine-tuning a cell that works in a specified wavelength 

will come with a cost of drop in efficiency. However, for large-scale applications and with 

further optimization, cost effective fine-tuned cells may be possible.  

In general, the stability is a challenging issue and determine the wide spread use of PvSCs. We 

studied the stability of different composition perovskite materials under laboratory ambient 

conditions (around 25 ºC and 50% humidity) and simulated sunlight of 100 mW/cm2.  There 

was around 20% drop in efficiency over the 60 weeks test period. These devices were not 

encapsulated. Devices which were kept in a desiccator shown less drop in efficiency an 

indication of the importance of encapsulation and this was mentioned in the future work 

section.  The stability of perovskite or the deterioration in performance of perovskite cells with 

time is due to changes in crystal structure, which was noticed when exposing the material to 

high temperature, moisture, oxygen and prolonged illumination [58]. 
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Figure 7.12: J-V characteristic curves of various compositions of the 12 perovskite solar cells. 

Top figure (forward sweeping), and bottom figure (backward sweeping). 
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7.4 Conclusion: 

Wavelength selective PvSCs have been prepared, tested, analysed and demonstrated in this 

work. Bandgap tuning and wavelength selectivity were investigated and tested by changing the 

composition of perovskite active layer. The composition of the perovskite active layer plays an 

important role in determining the absorption, transmission, lifetime and photoluminescence 

spectra. The PL measurement revealed notable shift in the peak emission of perovskite films 

when the concentration of the I, Br and Cl had been changed.  In this chapter, cesium based 

hybrid perovskite solar cells with wavelength selective properties ranging from 500 nm (UV-

Vis) to 800 nm (IR) has been presented. The bandgap tuning was achieved through composition 

changes mainly PbI2 and PbBr2. The optical spectroscopy of the developed materials was 

studied, including the photoluminescence, PL decay time, transparency, absorption and X-ray 

diffraction for samples prepared under different compositions. The transparency has been 

changed from 80% down to 10% in the wavelengths range between (450-900) nm for 

perovskite prepared with varying compositions ranging from I rich to Br rich films. The 

transparency dropped to 0 % at very short wavelengths for all compositions as perovskite films 

absorb strongly in wavelengths shorter than 400 nm. The bandgap, as measured from PL 

spectra, exhibit a shift from 1.54 eV to 2.4 eV when the composition of the perovskite mixture 

is changed. This study has shown that the XRD peak intensity shifts from 11.5º to 31.5º by 

changing the concentration of the I, Br and Cl in the perovskite films. The obtained XRD results 

showed that when using high content of bromine or high content of chlorine (such as samples 

5 and 6), high XRD intensity has been observed. In contrast, when using high concentration of 

iodine (such as samples 1 and 2), low XRD intensity was produced. Different composition of 

the triple cation perovskite films have resulted in different grains size and crystal structures. 

Sample 1 with high content of iodine has long lifetime of 174 ns compared to sample 3 (high 

content of bromine) and sample 8 (high content of chlorine) with a lifetime of 96 ns and 4.3 ns 

respectively.  High power conversion efficiency was obtained on 0.36 cm2 active area and was 

measured against a reference certified cell. An average efficiency of 15.5% have been achieved 

in PvSCs by using high concentration of I and low content of Br (sample 1). By using equal 

concentration of iodine and bromine, the efficiencies around 9.1 % have been obtained. The 

equal mixture produced a material that can absorb light in the visible range with a peak centred 

at 660 nm wavelength. The ability of fine-tuning the bandgap through changing the perovskite 

composition provide promising opportunities for new applications in building integrated PV 

and in greenhouses. 
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Chapter Eight 

Multilayers perovskite/perovskite tandem solar cells  

 

Part of this chapter was presented in the following symposium, 

Multilayers cesium based perovskite/perovskite tandem solar cells," MIT Applied Energy 

symposium MIT A+B Co-organized with Harvard. 
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8.1 Introduction: 

PvSCs have become at the forefront of PV materials owing to continued improvement in their 

efficiencies, which were increased to more than 25% in one decade [2]. The “Shockley-

Quiesser” put upper limits to the efficiency of single-junction silicon solar cells to 33.7% [148]. 

Although the performance of single layer PvSCs has improved due to the new development of 

the absorber materials, all perovskite tandem solar cells (PvTSCs) have been proposed to 

overcome the “Shockley-Queisser” limits[149, 150]. Generally, hybrid perovskite materials 

can be fine-tuned to alter the bandgap to absorb light over a wide range of wavelengths. As we 

explained in chapter 7, perovskite films can be prepared to absorb sunlight with different 

wavelengths ranged from UV to IR wavelengths by changing the composition of the perovskite 

active layer. Consequently, perovskite film is being examined as a topmost cell in conjunction 

with an assortment of narrow bandgap cells especially silicon solar cells [151-153] or copper 

indium gallium selenide CIGS solar cells [154, 155]. The main challenges related to PvTSCs 

tandem cells are the interface layers and charge recombination between the two active 

perovskite layers. 

Generally, most of the reported perovskite tandem cells (Perovskite/ Silicon) are based on 4-

terminal cells (semi-transparent devices) [156], and others are monolithic fabrication 2-

terminal solar cells [157-159]. The 4-terminal Perovskite/Silicon tandem cells can be fabricated 

by “stacking a near-infrared (NIR)-transparent perovskite top cell onto a bottom cell” [156]. 

The 4-terminal devices require at least three transparent electrical contacts. The device 

structure of a 2-terminal monolithically is based on Perovskite/ Silicon tandem solar cell with 

an n-type Si base [157]. In the 2-terminal monolithically devices, the top and bottom cells must 

be designed to have the same Jsc. There are reports on monolithic Perovskite/ Perovskite 

tandem solar cells (PvTSCs) that use two ETLs and two HTLs. The Monolithic 

Perovskite/Perovskite solar cells are based on two perovskite absorbers with various and 

complementary bandgaps [160]. 

An attempt was made to investigate an all perovskite tandem structure fabricated on a 

transparent FTO glass substrate. This is to eliminate the use of expensive substrates such as 

silicon or substrate that cannot tolerate high temperature treatment. Generally, the tandem 

structures with perovskite on top of silicon solar cells have achieved efficiencies in access of 

28% [2]. These are almost ready to manufacture. However, for applications that avoids the use 

of silicon, we have investigated the use of Perovskite/ Perovskite structures. Numerous 
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strategies have been applied to find an alternative to PvTSCs, which can be fine-tuned to the 

desired bandgap of the perovskite film and use cheap perovskite precursor materials. For 

example, the PvTSCs were investigated using two absorbing materials with different 

composition (CH3NH3PbBr3/ CH3NH3PbI3) MAPbBr3 /MAPbI3 and also two ETLs and two 

HTLs between them [161]. Figure 8.1 illustrates the schematic structure of the PvTSCs using 

two ETLs, two HTLs and a recombination junction layer [162]. 

 

 

 

 

 

 

 

 

 

Figure 8.1: A common schematic diagram of the Perovskite/Perovskite tandem solar cells. 

Generally, a single layer of perovskite film absorbs light that is limited by its energy band gap.  

In principle, two layers of perovskite films with different energy band gaps can absorb wider 

range of wavelengths than a single layer. The efficiency of perovskite solar cells has become 

comparable to the highest efficiency of silicon solar cells. Higher efficiency is expected to be 

achieved by applying multilayers tandem perovskite solar cells. Essentially, materials of 

narrow bandgap are deposited on the top of materials of wide bandgap to form the tandem cell 

structure. As a result, the top cell with a wide bandgap absorbs the photons of the high energy 

allowing photons of low energy to be absorbed by the bottom cell [163, 164]. Combining 

wavelength selectivity and bandgap tuning should permit the fabrication of highly efficient 

PvTSCs [149]. In this chapter, the optical and electrical properties of tandem PvTSCs have 

been investigated. Different compositions of perovskite materials with appropriate bandgaps 

in the device architecture were fabricated and tested. The average efficiency achieved for our 

tandem cells were 15.4% based on an active device area of 0.36 cm2. 
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In our work, we demonstrate how to fabricate tandem PvTSCs with one main ETL and one 

HTL, which basically a structure consists of two active perovskite layers fabricated without 

any “recombination junction layer” between them. The “recombination junction layer” also 

called “tunnel junction” has been reported, which has highly transparent and conductive 

properties. For example, Zheng et al. have prepared an ITO using magnetron sputtering as the 

recombination junction layer, which is a brittle material and could damage the original 

perovskite film throughout the process of sputtering deposition [162]. In our study, we 

investigated tandem structures without the use of recombination junction layer. This is to avoid 

high temperature processes and damaging of first perovskite films through sputtering process. 

Herein, a simplified multilayers structure by eliminating the recombination layer is proposed. 

Fabrication of PvTSCs without any recombination junction layer or tunnel junction and using 

one main ETL and one HTL as an alternative process to achieve low-cost fabrication and 

minimal use of high-temperature processing was examined and tested. This approach can be 

promising for lightweight and flexible substrate applications. A recombination junction layer 

between HTL1 and ETL2 was reported in the literature [164], when constructing tandem 

devices. In our study to reduce the fabrication steps, layers and complexity, we investigated 

tandem structure devices without using a recombination junction layer. From our study, we did 

not find that this layer has a significant impact on the efficiency, which can be avoided. Figure 

8.2 shows the schematic diagram of the multilayers perovskite/perovskite tandem solar  cells 

used in our study. 

 

 

 

 

 

 

 

 

Figure 8.2: A schematic diagram of the perovskite/perovskite tandem solar cells used in our 

study. 
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8.2 Experimental work: 

In this study, a commercially available FTO (12-15 Ω/sq) glass substrate was used. The ETL 

consists of two main layers. The first layer is compact TiO2, which was fabricated following 

same steps as mentioned in chapter 3. The second layer is mesoporous TiO2 doped with FK209, 

which was prepared as explained in chapter 4. The active perovskite films were deposited using 

a two-step spin-coating process. The method of the deposition of the perovskite film used in 

this chapter is as mentioned in chapter 3. Once the deposition of the first perovskite film is 

finished, the second perovskite film was deposited after 30 min. The chemicals used and their 

different compositions are mentioned in chapter 7. Other layers deposition such as the spiro-

MeOTAD (HTL) and Au electrodes are described in chapter 3. 

Refer to chapter 7, various perovskite compositions yielded a wide range of energy gaps. In 

this chapter, I used perovskite with composition 1 that produces an energy bandgap of 1.6 eV 

and in this chapter will be called as a narrow bandgap material. Composition 5 produces an 

energy bandgap of 2.3 eV and will be called as a wide bandgap material. Composition 3 

produces an energy bandgap of 2.13 eV and will be called as a large bandgap material. The 

description of compositions (1, 3 and 5) are CsI0.05[FAMAPb(I0.85Br0.15)3]0.95, CsBr0.05 

[FAMAPb(Br0.85I0.15)3 ]0.95 and CsBr0.05 [FAMAPb(Br0.85Cl0.15)3]0.95 respectively, which have 

been used to form a tandem structure where materials of the wide bandgap deposited first (on 

top) and narrow bandgap deposited second (on bottom) as shown in Figure 8.2. The way that 

this structure be constructed, the layer facing the light is the wide bandgap material as high 

energy (short wavelengths ) get absorbed in this layer and long energy can be transmitted 

through this layer to the next layer with narrow bandgap (long wavelengths). 

Perovskite performances were measured using Keithley instrument and a sunlight simulator 

(ABET Sun3000) AM 1.5G under100 mW/cm2 illumination. The absorbance spectrum of 

perovskite film deposited on ETL was measured using UV-Visible spectrometry (Cary 6000i). 

The topography surface grains of perovskite films deposited on ETL was measured using 

Raith-150 EBL machine. All the perovskite device measurements were conducted at room 

temperature of 25 ºC. 
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8.3 Results and discussion: 

The optical, structural and electrical properties of the perovskite films with single and 

multilayer structures were examined and analysed. Details of the results found will be 

explained and discussed in the following sections. 

8.3.1 Optical properties of the perovskite films:  

Figure 8.3 shows the absorbance spectra of the perovskite films deposited on the ETL measured 

over the 440 nm to 800 nm wavelength range. It is observed that the perovskite film (Narrow 

bandgap material) shows an absorption coefficient higher than perovskite film (Wide bandgap 

material) for a wide range of light wavelengths between 300-750 nm. This could be one of the 

main reasons for improving the performance of PvSCs. The tandem cell (Wide bandgap 

material + Narrow bandgap material) has higher absorption coefficient compared to tandem 

cells (Narrow bandgap material + Wide bandgap material), (Large bandgap material + Narrow 

bandgap material) and even single cell (Narrow bandgap material) or (Wide bandgap material) 

for a wide range of light between 400-750 nm. This is one of the main reasons of using 

multilayer Perovskite/Perovskite tandem cells with an appropriate composition (bandgap), and 

which composition should be deposited first. 

 

Figure 8.3: Absorption spectrum of perovskite film deposited on the ETL for (a) Narrow 

bandgap material (b) tandem (Wide bandgap material + Narrow bandgap material) (c) tandem 

(Narrow bandgap material + Wide bandgap material) (d) (Large bandgap material + Narrow 

bandgap material) and (e) Wide bandgap material. 
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The optical bandgap energy of perovskite films can be extrapolated from the absorption data 

using Tauc plot method [80]. Figure 8.4 shows the extracted energy bandgap of perovskite 

films for narrow bandgap material, tandem (Wide bandgap material + Narrow bandgap 

material), tandem (Narrow bandgap material + Wide bandgap material), tandem (Large 

bandgap material + Narrow bandgap material) and a wide bandgap material. An extrapolation 

technique (dotted lines) was utilized to determine the optical band gap of perovskite films with 

different compositions. The energy gaps of the perovskite film (Narrow bandgap material) and 

(Wide bandgap material) are 1.6 eV and 2.3 eV respectively. The energy gaps of the multilayers 

perovskite film in (Wide bandgap material + Narrow bandgap material), (Narrow bandgap 

material + Wide bandgap material) and (Large bandgap material + Narrow bandgap material) 

are 1.63 eV, 2.25 eV and 1.62 eV respectively. 

 

Figure 8.4: Energy gap of the perovskite films using Tauc plot for (a) Narrow bandgap material 

(1.6 eV) (b) tandem (Wide bandgap material + Narrow bandgap material) (1.63 eV) (c) tandem 

(Narrow bandgap material + Wide bandgap material) (2.25 eV) (d) (Large bandgap material + 

Narrow bandgap material) (1.62 eV) (e) Wide bandgap material (2.3 eV). 

8.3.2 Structural properties of perovskite films: 

The morphology of perovskite films deposited on ETL was measured using a scanning electron 

microscope (SEM). ImageJ software was used to compute the grains size and Origin9 software 

was used to calculate their average grains size. It can be observed from Figure 8.5 that the 
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grains size of 180 nm. Whereas, the perovskite film for wide bandgap material (2.3 eV) has an 

average grains size of 250 nm.  

                                                 

 

 

(e) 

Figure 8.5: SEM images of perovskite films for (a) Narrow bandgap material, (b) tandem (Wide 

bandgap material + Narrow bandgap material), (c) tandem (Narrow bandgap material + Wide 

bandgap material), (d) Wide bandgap material and (e) (Large bandgap material + Narrow 

bandgap material). 
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It can also be seen from Figure 8.5 (b) that the multilayers tandem cell (Wide bandgap material 

+ Narrow bandgap material) has a uniform structure with an average grains size of 260 nm. 

The tandem cell (Narrow bandgap material + Wide bandgap material) has cracks (grain 

boundaries) in film surface compared to tandem (Wide bandgap material + Narrow bandgap 

material), Narrow bandgap material or wide bandgap material. The tandem cell (Wide bandgap 

material + Narrow bandgap material) has shown an average grains size of 260 nm with a  

uniform structure, whereas, (Narrow bandgap material + Wide bandgap material) has an 

average grains size of 275 nm with cracks in film surface compared to others. The tandem 

(Large bandgap material + Narrow bandgap material) has a uniform structure with an average 

grains size of 190 nm. Generally, the influence of deposition the second layer of perovskite on 

top of the first layer. The first layer was deposited on TiO2, whereas, the second layer was 

deposited on perovskite film. So the seeding layers are different form each perovskite layers. 

This might be the one of reasons why the efficiency was not improved significantly in our study 

than a single layer. 

8.3.3 Current-Voltage characteristics of tandem perovskite solar cells: 

Generally, tandem perovskite solar cells should produce higher efficiency because tandem 

structures can absorb a wide range of wavelengths compared to single layer structure. This 

implies that the PvTSCs capture the entire solar cells radiation spectrum from ultraviolet to 

infrared wavelengths. A tandem structure is usually employed as materials with different 

bandgaps to absorb light at different wavelengths. Therefore, to capture the entire solar 

radiation spectrum, a multilayer (tandem) structure device was proposed. In this study, the 

illuminated current density-voltage characteristics of the PvTSCs were measured using (ABET 

Sun3000) with AM 1.5G sunlight simulator with an average light intensity of 100 mw/cm2. 

Herein, the overall samples size was 2.5 x 2.5 cm2 with an active devices area of 0.25 cm2 and 

0.36 cm2 for comparison. Measured value of our active device area is 0.36 cm2, which is larger 

than the reported active area in the literature [161]. This indicate the potential of scaling up 

attributed to the use of cesium Lead halide perovskite CsI0.05 [(FAPbI3)0.85 (MAPbBr3)0.15]0.95 

compared to methylammonium lead halide perovskite MAI (CH3NH3PbI3). Ten samples were 

fabricated to ensure the reproducibility. Table 8.1 shows all key solar cells electrical parameters 

for multilayer perovskite/perovskite solar cells. Figure 8.6 shows the (J-V) characteristic curves 

of the PvTSCs. It can be observed from Table 8.1 that the perovskite/perovskite device (Wide 

bandgap material + Narrow bandgap material) yielded a PCE of 16.5% in the forward sweep 
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and 18.8% in the backward sweep on 0.25 cm2 active device area. The PCE of 14.6 % was 

achieved on 0.36 cm2 active area in the forward sweep and 16.2 % in the backward sweep. The 

average current density (Jsc) for perovskite devices with an active area of 0.25 cm2 is 

approximately 26 mA/cm2, while Jsc for perovskite devices with an active area of 0.36 cm2 is 

approximately 24.6 mA/cm2. The open circuit voltage (Voc) is around 1050 mV for all types 

of PvTSCs used in the forward and backward scanning. There is a noticeable increase of 15% 

in FF in the PvTSCs with an active area of 0.25 cm2 compared to the PvTSCs with an active 

area of 0.36 cm2. The improvement in the FF and Voc are attributed to the drop in the series 

resistance to 7.7 Ω.cm2.  

Finally, the PCE of the PvTSCs based on an active area of 0.36 cm2 is less than the PCE of 

PvTSCs based on an active area of 0.25 cm2 by around 15% due to increasing pinholes density 

as shown in SEM images. As the active device area increases, it becomes harder to produce a 

uniform thin layer of perovskite and possibly film defects become more pronounced. However, 

the scaling up issues are beyond the scope of this study. 

 

Table 8.1: Multilayer perovskite tandem solar cells key parameters measured for (Wide 

bandgap material + Narrow bandgap material) with an active area of 0.25 cm2 and 0.36 cm2. 

Sample 

description 

Sweep 

Direction 

EFF

% 
FF% 

Voc 

[mV] 

Jsc 

[mA/cm2] 

Vmax 

[mV] 

Jmax 

[mA/cm2] 

Isc 

 [mA] 

Rshunt 

[Ω.cm2] 

Rseries 

[Ω.cm2] 

Active 

area 

[cm2] 

Tandem (Wide 

bandgap 

material + 

Narrow bandgap 

material)  

Forward 16.5 59.6 1030 26.89 724 22.8 6.7 2084 7.8 0.25 

Backward 18.86 68.4 1076 25.6 836 22.56 6.4 7166 7.5 0.25 

Average 17.68 64 1053 26.24 780 22.68 6.55 4625 7.7 0.25 

Tandem (Wide 

bandgap 

material + 

Narrow bandgap 

material)  

Forward 14.6 57 1044 24.55 752 19.42 8.84 622 9 0.36 

Backward 16.27 61.2 1072 24.78 780 20.85 8.9 765 8 0.36 

Average 15.4 59.1 1058 24.66 766 20.13 8.87 693 8.5 0.36 
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Figure 8.6: The illuminated J-V characteristic curves of multilayer perovskite tandem solar 

cells (Wide bandgap material + Narrow bandgap material) with an active area of 0.25 cm2 and 

0.36 cm2. 

 

Figure 8.7 shows the (J-V) characteristic curves of PvTSCs for narrow bandgap material, tandem 

(Wide bandgap material + Narrow bandgap material), tandem (Narrow bandgap material + Wide 

bandgap material), tandem (Large bandgap material + Narrow bandgap material) and wide bandgap 

material based on 0.36 cm2 active area. Table 8.2 shows the perovskite/perovskite device (Wide 

bandgap material + Narrow bandgap material) yielded the PCE of 14.6% in the forward sweep 

and 16.2% backward sweep, whereas, the device (Narrow bandgap material + Wide bandgap 

material) produced the PCE of 3.8% in the forward sweep and 4.4% backward sweep.  This 

huge drop in the efficiency is due to the deposition of narrow bandgap material on the top cell, 
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while materials of wide bandgap were deposited in the bottom cell. As a result, the top cell 

with a narrow bandgap cannot absorb the photons of high energy due to a narrow bandgap 

absorption cutoff (composition 1) layer first. Generally, short wavelength high energy photons 

(UV) are absorbed in the top layer (wide band gap material) and photon with long wavelength, 

low energy photons (IR) are absorbed in the bottom layer (narrow band gap material). This is 

why in tandem structure the base layer (bottom cell) is based on narrow bandgap material, 

whereas, top layer is based on wide bandgap material as shown in Figure 8.2. 

 

The tandem cells (Wide bandgap material + Narrow bandgap material) have yielded the 

average Voc of 1058 mV, which is higher value compared to wide bandgap material 

(composition 5) or narrow bandgap material (composition 1). The perovskite multilayers with 

(Wide bandgap material + Narrow bandgap material) have achieved a 15% PCE higher than 

single layer perovskite film (Narrow bandgap material). In addition, the (Wide bandgap 

material + Narrow bandgap material) have achieved a high FF of 59 % compared to wide 

bandgap material and narrow bandgap material. The improvement in the FF and Voc are 

attributed to the drop in the series resistance to 8 Ω.cm2. The (Large bandgap material + Narrow 

bandgap material) produced the PCE of 10.9% in the forward sweep and 12.1% backward 

sweep. It can be observed that the Jsc of the (Large bandgap material + Narrow bandgap 

material) is 21 mA/cm2, which is lower than (Wide bandgap material + Narrow bandgap 

material) Jsc of 24.6 mA/cm2. This is because the tandem cell (Wide bandgap material + 

Narrow bandgap material) has higher absorption coefficient compared to tandem cells (Large 

bandgap material + Narrow bandgap material) as shown in Figure 8.3.  
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Table 8.2: Multilayers perovskite tandem solar cells key parameters measured for Narrow 

bandgap material, tandem (Wide bandgap material + Narrow bandgap material), tandem 

(Narrow bandgap material + Wide bandgap material), Wide bandgap material and tandem 

(Large bandgap material + Narrow bandgap material) based on 0.36 cm2 active area. 

Sample 

description 

Sweep 

Direction 

EFF

% 
FF% 

Voc 

[mV] 

Jsc 

[mA/cm2] 

Vmax 

[mV] 

Jmax 

[mA/cm2] 

Isc 

 [mA] 

Rshunt 

[Ω.cm2] 

Rseries 

[Ω.cm2] 

Narrow bandgap 

material 

Forward 12.74 48.6 995 26.3 640 19.9 9.4 362 11.2 

Backward 14.03 53.9 1002 25.9 696 20.1 9.3 1724 9.7 

Average 13.38 51.2 998 26 668 20 9.35 1043 10.5 

Wide bandgap 

material + 

Narrow bandgap 

material 

Forward 14.6 57 1044 24.55 752 19.42 8.84 662 9 

Backward 16.27 61.2 1072 24.78 780 20.85 8.9 765 7.6 

Average 15.4 59.1 1058 24.66 766 20.13 8.87 714 8.3 

Narrow bandgap 

material + Wide 

bandgap material 

Forward 3.87 61.3 1077 5.86 780 4.97 2.1 14922 30.6 

Backward 4.43 65 1099 6.14 808 5.48 2.2 1704 29.9 

Average 4.15 63.1 1088 6 794 5.2 2.15 8313 30.3 

Wide bandgap 

material 

Forward 2.5 44.8 973 5.81 691 3.64 2.1 416.5 39.6 

Backward 3.5 55.3 1013 6.3 754 4.69 2.2 46600 30.7 

Average 3 50 993 6 722 4.16 2.15 1677.6 35.1 

Large bandgap 

material + 

Narrow bandgap 

material 

Forward 10.9 52.2 1030 20.3 696 15.7 7.26 2010 16.2 

Backward 12.16 54.5 1027 21.74 696 17.4 7.76 2972 13.3 

Average 11.53 53.3 1028 21 696 16.2 7.51 2491 14.7 
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Figure 8.7: The illuminated J-V characteristic curves of multilayer perovskite tandem solar 

cells for Narrow bandgap material, tandem (Wide bandgap material + Narrow bandgap 

material), tandem (Narrow bandgap material + Wide bandgap material), wide bandgap material 

and tandem (Large bandgap material + Narrow bandgap material) based on 0.36 cm2 active 

are. Top figure, backward scanning and bottom figure, forward scanning. 
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Figure 8.8 displays five samples of perovskite active layer deposited on ETL prepared with 

single and tandem cells. Where, Figure 8.8 (a and d) are single perovskite layer and (b, c and 

e) are tandem perovskite layers. All perovskite films were fabricated inside a glove box and 

annealed at 100 °C for 40 min. Figure 8.8 shows that the colour of the perovskite films are 

changed by changing the perovskite composition as well as if it is single layer or multilayers 

(tandem) structure. Figure 8.9 shows a photo of fully fabricated perovskite solar cells ready for 

testing for single and multilayer perovskite solar cells. 

 

 

  

     (a)                       (b)                                (c)                            (d)                           (e) 

Figure 8.8: Photo of the perovskite deposited on ETL for (a) Narrow bandgap material (b) 

tandem (Wide bandgap material + Narrow bandgap material), (c) tandem (Narrow bandgap 

material + Wide bandgap material), (d) Wide bandgap material and (e) tandem (Large bandgap 

material + Narrow bandgap material). 

 

 

           (a)                         (b)                              (c)                          (d)                           (e) 

        

Figure 8.9: Photo of fully fabricated perovskite solar cells for (a) Narrow bandgap material, (b) 

tandem (Wide bandgap material + Narrow bandgap material), (c) tandem (Narrow bandgap 

material + Wide bandgap material), (d) wide bandgap material and (e) tandem (Large bandgap 

material + Narrow bandgap material). 
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8.4 Conclusion: 

The all perovskite/perovskite tandem solar cells (PvTSCs) have an essential potential to 

overcome the Shockley–Quiesser theoretical limitations, which set the upper limits of the 

single-junction solar cells efficiency. Most of the reported studies have utilised two electron 

ETL and two hole HTL transport layers and a recombination junction layer between the two 

active perovskite layers. This chapter investigates the impact of using all perovskite tandem 

solar cells and avoiding the use of a recombination junction layer. In this study, we investigate 

PvTSCs fabricated using a single layer of ETL and HTL, and two layers of active perovskite 

with different energy gaps fabricated without any “recombination junction layer” between 

them. Materials of wide bandgap are deposited on the front facing layer (top cell, Eg ~2.3 eV), 

while materials of narrow bandgap are deposited on the back layer (bottom cell Eg~1.6 eV). 

Our results illustrate that the Perovskite/Perovskite tandem device with (Wide bandgap 

material + Narrow bandgap material) yielded the PCE of 16.5% and 18.8% in the forward and 

backward sweeps respectively based on 0.25 cm2 active area. Whereas, using 0.36 cm2 active 

area, it achieved the PCE of 14.6 % in the forward sweep and 16.2 % in the backward sweep. 

The tandem device (Large bandgap material + Narrow bandgap material) produces an average 

PCE of 11.5%. Multilayers of tandem perovskite (Wide bandgap material + Narrow bandgap 

material) achieved a 15% PCE higher than single-layer perovskite film (Narrow bandgap 

material). The obtained results in this study did not show a significant improvement in the 

efficiency using multilayer PvTSCs because the first perovskite layer was deposited on TiO2, 

while the second perovskite layer was deposited on perovskite film. The interfacing between 

perovskite on TiO2 is different from perovskite on perovskite. Thus, the seeding layers are 

different form each perovskite layers. The average open circuit voltage is about 1060 mV. The 

tandem cell (Wide bandgap material + Narrow bandgap material) has a higher absorption 

coefficient compared to other compositions for a wide range of light between 400-750 nm 

wavelengths. SEM images show that the multilayers tandem cell (Wide bandgap material + 

Narrow bandgap material) has a uniform structure with an average grains size of 260 nm, 

whereas, tandem cell (Narrow bandgap material + Wide bandgap material) has an average 

grains size of 275 nm with pinholes and cracks in film surface. This work shows that the ability 

of novel perovskite tandem cells to achieve efficient multilayers perovskite devices with a low-

cost and simple manufacturing process. 
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Chapter Nine 

Conclusions and future works 

9.1 Conclusions: 

Generally, the performance of the PvSCs depends on the properties of the ETL, HTL and on 

the perovskite active layer. The doping materials and solvents used in the preparation of the 

ETL and HTL are also very important, which influence the performance of the PvSCs. This is 

because the perovskite active layer is sandwiched between the ETL and HTL layers. Our best 

PvSCs efficiency of 15% were obtained using cesium based perovskite with an optimum ETL.  

Perovskite devices without ETL has been investigated. These are suitable for low-temperature 

manufacturing process and for PvSCs fabricated on plastic substrates. Wavelength selective 

perovskite solar cells have been developed by changing the compositions and concentration of 

the perovskite film mixture. Perovskite/Perovskite tandem structure devices without using a 

recombination junction layer provides simple structure with low cost manufacture have been 

examined in this study. 

The role of DC power and the Ar to O2 ratio in sputtered TiO2 to form compact TiO2 ETL layer 

suitable for high efficiency PvSCs has been investigated. To obtain the desired compact TiO2 

layer, the DC sputter device was set to be 200 W DC power with an optimum ratio of  Ar (6 

sccm) and O2 (12 sccm). The combined DC sputtered C-TiO2 and cobalt doped M-TiO2 has 

resulted in solar cells efficiencies higher than 15%. The C-TiO2 sputtered at 200 W possess 

higher conductivity, lower roughness and carrier mobility as compared to C-TiO2 sputtered at 

other DC powers. An average efficiency drop of 19% were found when devices were kept in 

ambient laboratory conditions (around 25 ºC and 50% humidity) and 14% drop in efficiency  

when the same devices were kept in a desiccator over 60 weeks. The testing were conducted 

under standard sunlight simulator of 100mW/cm2 at room temperature.  

Doping technique of the ETL enhances the efficiency and performance of the PvSCs. The M-

TiO2 doped with FK209 has a 90% transparency, a minimal surface roughness and low contact 

angle (high hydrophilic) as compared to undoped control sample. The SEM images show that 

using M-TiO2 doped with FK209 provides a uniform perovskite film with an average grains 

size of 242 nm, which is larger than grains size of perovskite deposited on control undoped M-

TiO2. The perovskite film deposited on M-TiO2 doped with FK209 has a lower PL intensity 

indicating faster charge extraction. The measured lifetime of the perovskite films deposited on 
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the M-TiO2 doped with FK209 was 115.8 ns. The average efficiency of the PvSCs fabricated 

with compact TiO2 and M-TiO2 doped with an optimum concentration of 2.5 mg FK209 cobalt 

electron transport layer is 15.6 %. On the other hand, using Li+ salt as dopant in the ETL has 

resulted in an average efficiency of 12.1%. The stability of the devices was monitored over 40 

weeks period while kept under ambient laboratory conditions of around 50% humidity and 

around 25 ºC temperature. The perovskite solar cells exhibit a 20% drop in efficiency over the 

40 weeks testing period when using M-TiO2 ETL doped with FK209 and a drop of 27% for the 

undoped M-TiO2. 

Acetonitrile (ACN) is widely used in dissolving salt used in the preparation of the electrons 

and holes transport layers. However, ACN is toxic and can accelerate the deterioration of the 

perovskite films. Ethanol and Isopropyl alcohol (IPA) were used as alternative solvents in 

dissolving FK209 cobalt and lithium TFSI salt respectively. The M-TiO2 doped with FK209 

dissolved by ethanol has a minimal surface roughness and low contact angle (high hydrophilic) 

as compared to undoped control sample. Using M-TiO2 doped with FK209/ethanol in the ETL 

provides a uniform perovskite layer with large grains size with an average of 270 nm. An 

average efficiency of 16.3% and Voc of 1030 mV were obtained using FK209/ethanol in the 

ETL and lithium/IPA in the HTL, while cells prepared using FK209/ACN and lithium/ACN 

have shown an average efficiency of 15.8% and Voc of 1020 mV on the 0.36 cm2 active area. 

The stability of the devices were monitored over 40 weeks period kept under ambient 

laboratory conditions of around 25 ºC temperature and around 50% humidity. Champion 

perovskite device prepared using FK209/ethanol in the ETL and lithium/IPA in the HTL gave 

an average PCE of 16.4 % with 17% drop in efficiency during the 40 weeks period. The best 

perovskite device prepared using ACN solvent gives an average PCE of 15.8% corresponding 

to 22 % drop in efficiency over the same time period. Using IPA and ethanol solvents as an 

alternative to ACN, offers fabrication process that is less toxic and  resulted in improvement in 

device performance. 

 Perovskite films deposited on FTO glass substrate directly without ETL is a simple structure 

with low fabrication cost. This work does not need sputtering machine and treatments with 

high temperature usually required to prepare the ETL. The PCE of the perovskite devices 

without the ETL is 13% and Voc of 913 mV, whereas, the PCE of the perovskite devices with 

ETL is 15.6% and Voc of 1050 mV based on active area of 0.36 cm2. Thus, the efficiency loss 
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is around 17%.  This study suggests that perovskite devices prepared without ETL is suitable 

for low-temperature, low cost fabrication and for plastic substrate applications of PvSCs.  

The absorption, transmission, lifetime and photoluminescence spectra are affected by 

composition of the perovskite film. Therefore, shift in the PL peak emission of perovskite films 

can be achieved by changing the concentration of the I, Br and Cl. Cesium Lead halide 

perovskite solar cells with wavelength selective properties ranging from 500 nm (UV-Vis) to 

800 nm (IR) have been achieved. The band gaps were changed from narrow bandgap of 1.54 

eV to wide bandgap of 2.4 eV by changing the concentration of I, Br and Cl. The transparency 

was changed from 80% down to 10% in the wavelengths range between (450-900) nm for 

different compositions of perovskite film. The XRD peak intensity shifts from 11.5º to 31.5º 

by changing the concentration of the I, Br and Cl in the perovskite films. Different composition 

of the triple cation perovskite films have resulted in different grains size and crystal structure.  

The lifetime of the perovskite film with different compositions have been changed from 4.3 ns 

to 360 ns. An average efficiency of 15.5% have been achieved in PvSCs by using high 

concentration of I and low content of Br (sample 1). By using equal concentration of iodine 

and bromine (sample 12), the efficiencies around 9.1 % have been obtained. The equal mixture 

produced a material that can absorb light in the visible range with a peak centred at 660 nm 

wavelength. The wavelength selective perovskite films have potential in building of integrated 

photovoltaics and in greenhouse applications. 

Finally, the all perovskite tandem solar cells (PvTSCs) have a potential to overcome the 

Shockley–Quiesser theoretical limitations, which set the upper limits of the single-junction 

solar cells efficiency. Materials of wide bandgap are deposited on the front facing layer (top 

cell, Eg ~2.3 eV), while materials of narrow bandgap are deposited on the back layer (bottom 

cell Eg~1.6 eV). The tandem cell (Wide bandgap material + Narrow bandgap material) 

exhibited a higher absorption coefficient compared to single layer over a wide range of light 

between 400-750 nm wavelengths. The multilayers tandem cell (Wide bandgap material + 

Narrow bandgap material) has a uniform structure with an average grains size of 260 nm. All 

Perovskite/Perovskite tandem solar cells with single layer of ETL and HTL and without a 

recombination junction layer have been investigated. The (Wide bandgap material + Narrow 

bandgap material) have achieved a high FF of 59 % compared to wide bandgap material and 

narrow bandgap material. The average open circuit voltage is about 1060 mV. The 

improvement in the FF and Voc are attributed to the drop in the series resistance to 8 Ω.cm2. 
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The PvTSCs with (Wide bandgap materials + Narrow bandgap materials) yielded the PCE of 

16.5% and 18.8% in the forward and backward sweeps respectively based on 0.25 cm2 active 

area. Whereas, using 0.36 cm2 active area, it achieved a PCE of 14.6 % in the forward sweep 

and 16.2 % in the backward sweep, which is around 14% lower than PvSCs with two ETLs, 

HTLs and a recombination junction layer. This study shows the ability of designing perovskite 

tandem cells for applications aiming for a low-cost and simple manufacturing process. 

9.2 Future works: 

Some suggestions and improvement for future work are outlined as follows:  

 Currently, the FTO glass used in this study has a sheet resistance of 12-15 Ω/sq . Other 

available commercial FTO glass has sheet resistance down to 7-8 Ω/sq. The use of FTO 

glass substrate with low sheet resistance might lead to higher efficiency by decreasing 

the series resistance and improving the fill factor of the perovskite solar cell. This could 

be a simple change to the substrate used and might improve the efficiency. The 

fabrication process should be the same as followed in this study. 

 

 Using Tin Oxide (SnO2) as an ETL instead of TiO2 to avoid using high temperature 

treatment. The deposition of SnO2 film requires a low temperature processing at 120 ºC 

for 30 minutes, which does not require holding the sample at elevated temperatures as 

compared with TiO2 deposition. 

 

 The tandem Perovskite/Perovskite solar cells structure did not yield the expected higher 

efficiency than single layer perovskite solar cells. This needs to be investigated more 

by optimizing the thicknesses of the two perovskite active layers in addition to 

optimizing their bandgaps. For this study, we found that the grains size and structures 

are highly depended on the seed layer. The seeding layers in tandem structure devices 

are different for each perovskite layers.  For example, the first perovskite layer (wide 

bandgap) is deposited on the TiO2 ETL, the second perovskite (narrow band gap) is 

deposited on the first perovskite film. This might be one of reasons why the efficiency 

was not improved significantly as compared to a single layer.  
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 The doping materials and their concentration in the spiro-MeOTAD are very important 

factors in determining the performance of PvSCs. Improvement in the HTL through 

doping the spiro-MeOTAD with cobalt ions FK102 Co(III) need to be investigated. 

Doping the HTL will leads to an increase in the conductivity, improve hole mobility, 

carrier density and charge recombination in PvSCs. The presence of the cobalt doping 

in the HTL can significantly improve the performance of PvSCs via the suppression of 

charge recombination at the interface of the perovskite film and the HTL [165].  

 

 

 In solar cells manufacturing, cost is number one factor in determining how successful 

the technology is and how widely is going to be used. Finding alternatives to gold 

electrodes for the upper and lower contacts, to reduce the manufacturing cost is also 

worth investigating [166, 167]. 

 

 Applying the principle of up and down conversion to improve the performance of 

perovskite solar cells. Photons with energy less than the energy gap are lost though 

transmissions. Using nanoparticles that absorb photons at these wavelengths and emit 

them at the right wavelengths for complete absorption so that they can contribute to the 

electron hole generation process. Nanoparticles can essentially adjust the emitted 

photon energy to be within the energy gap of the material.  

 

 

 A number of optical losses are due to the unabsorbed photons with lower energy than 

the bandgap that we lose through the transmission process. Likewise, photons with 

much higher energy than the energy gap excite hot electrons way above the conduction 

band, which results in releasing heat. The heat generated will deteriorate the device 

performance through the dependence of the open circuit voltage on the temperature. By 

embedding nanoparticles (such as β-NaYF4:Yb3+,Tm3+ up conversion material) with a 

right size and right material into the perovskite mixture , light at the desired wavelength 

can be absorbed and  then emitted at the right wavelength for the perovskite active layer 

[168, 169]. This work can be in collaboration with Chemistry department at University 

of Canterbury where there is expertise in nanoparticle synthesis. 
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 Applying nanopyramids texturing on the backside of the FTO glass substrate to reduce 

reflections and might increase the overall efficiency. The nanopyramids act also as self-

cleaning surfaces, which reduce maintenance cost when used in large-scale 

applications.  These pyramids have been tested to possess high transmittance at 500 nm 

to 800 nm wavelength. The nanopyramids can be deposited using low cost high 

throughput nanoimprint lithography. The nanopyramids have been developed in our 

laboratory and can easily be adopted to the perovskite processes. This to our knowledge 

not been investigated before. 

 

 We still observe drop in efficiency over the 60 weeks period of observation.  Improving 

stability could be investigated by applying encapsulation on the PvSCs. This should 

provide a barrier to moisture, oxygen and other contaminants and help in improving the 

stability. OrmoStamp material can be used as an encapsulation as it stand high 

temperatures up to 300 ºC and exposure to Oxygen.  
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