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CHAPTER 1 

INTRODUCTION 

Energy has a very vital role in the development of human civilization. The 

irrational use and unethical exploitation have led to the scarcity of energy resources. 

The demand for energy is everlasting but the resources are limited. The economy of 

the country also depends upon the availability of the energy supply. Thus, each country 

is looking for the development of a permanent solution to the energy crisis. Solar 

energy is one of the greatest sources of renewable energy for meeting the world's 

energy demand because of its enormous magnitude – approximately 105 terawatts. The 

current energy consumption of the world is about 12 terawatts; this represents only 

0.01% of the total amount of the Sun's energy that reaches the Earth's surface (Nuraje 

et al., 2012). Over the years, silicon-based cells have been used due to their efficient 

solar-to-power generation (~30%), particularly crystalline silicon (Green et al., 2014). 

An alternative to silicon solar cells, perovskites (organic-inorganic) have reached the 

top position (~20.1%) within ~5 years, due to substantial improvement in power 

conversion efficiency and low processing costs (Chung et al., 2012a; Grätzel, 2014; 

Hodes & Cahen, 2014; Y. Huang et al., 2014; H. S. Kim et al., 2014; Snaith, 2013). 

There are many sources of energy available in the world. Among all, solar 

energy, a promising renewable energy source, is attracting all researchers globally. In 

1839 the French Scientist Edmond Becquerel discovered the solar photovoltaic effect, 

which opened a new field  (Fatet, 2005). W. G. Adams and R. E. Day found 

photovoltaic effects on solidified selenium in 1877 and reported the selenium cells. 

The first solar photovoltaics cell design based on selenium was reported by Charles 

Fritts in 1883 with 1% efficiency. James Moser reported the dye-sensitized 

photochemical cells in 1887. In 1888, Edward Weston, in 1894 Melvin Severy, and 

Harry Reagan in 1897 received patents for solar cells respectively. In 1905, Albert 

Einstein explained the photoelectric effect and in 1932, the photovoltaic effect on 

Cadmium solar cell (CdSe) was discovered by Audobert and Stora. Eventually, on 

April 25, 1954, David Chapin, Calvin Fuller, and Gerald Pearson of Bell Labs in the 

United States were credited with the world’s first photovoltaic solar cell (Bellis, 2019). 

In 1955, Hoffman Electrics commercialized the solar cell with 10% efficiency. Zhore 
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Alferov developed the first ever highly effective Gallium Arsenide (GaAs) 

heterostructure solar cell in 1970. The first thin film solar cell was developed by the 

University of Delaware with more than 10% efficiency using Cu2S/CdS in 1980. In 

1985 a Solar cell with more than 20% efficiency was developed by the University of 

New South Wales. In 1988 Michael Gratzel and Brian O’Regan created Dye-

Sensitized Solar Cell (DSSC). National Renewable Energy Laboratory (NREL) was 

established in the year 1994 and came up with the GaInP/GaAs two terminal 

concentrator cell with more than 30% efficiency. Consequently, NREL developed a 

multijunction concentrator solar cell with 47% efficiency. The first perovskite-based 

DSSC was reported by Kojima et al (Kojima et al., 2009). Kim et al reported the first 

perovskite solid-state solar cell (H. S. Kim et al., 2012). Till now the efficiency of 

perovskite solar cells has reached more than 25% (NREL). Similarly, in comparison 

to the Si-solar cells, organo-lead-halide perovskite-based solar cells have achieved the 

highest efficiency. Most of the time Pb is substituted with Sn and observed comparable 

efficiency. The instability of tin oxides in a normal environment however hinders the 

preparation of perovskite solar cells (PSCs). The toxicity of Pb in Pb-based perovskite 

created serious issues in the commercialization of solar cell devices. So, more intense 

research was started for Pb-free perovskite materials (Bai et al., 2018). Double and 

inorganic perovskites are also in the possible tracks. Pb-free perovskite with high-

efficiency materials is a promising candidate for future energy resources.  

1.1. Perovskite 

The terms "perovskite" and "perovskite structure" are often interchangeable in 

use. Perovskite was first found in the Ural Mountains which was a type of mineral in 

technical terms. It was named after Lev Perovski (who was the founder of the Russian 

Geographical Society). If any compound resembles the structure of the perovskite 

mineral they are known as perovskite. 

CaTiO3 constituting the calcium, titanium and oxygen in the compound form 

is considered the True perovskite (the mineral). So, to represent the perovskite in 

general structure, the generic form ABX3 is designated as a crystallographic structure 

for perovskite (the mineral). In ABX3, A is a 2+ metal cation, B is a 4+ metal cation, 

and X is a 2- oxygen anion or halogen (Hou et al., 2016; S. Wang et al., 2021). Other 
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examples are BaTiO3, CsSnI3, Cs2AgBiBr6 (Double perovskite) etc. The perovskite 

lattice arrangement is just like many other structures in crystallography and there are 

various ways to represent it. A perovskite if explained in the simplest way is a large 

atomic or molecular cation (positively charged) of type A in the centre of a cube with 

atom B occupying the corners of the cube (also positively-charged cations) and the 

smaller atom X occupying the faces of the cube with a negative charge (anion). 

Depending on the arrangement of atoms/molecules formed in the structure, an 

impressive array of interesting properties in perovskites can be observed, including 

spin-dependent transport (spintronics), superconductivity, giant magnetoresistance 

and catalytic properties. Therefore, Perovskites opens an exciting field for chemists, 

physicists and material scientists. 

Perovskites were first successfully used in solid-state solar cells in 2012, and 

since then most cells have used various combinations of materials in the usual 

perovskite form ABX3 (H. S. Kim et al., 2012). 

In the last decade, Perovskite materials have emerged as a new class of 

optoelectronic semiconductors which brought a drastic change in photovoltaic 

research. Perovskite materials present numerous advantages including unique 

electronic structure, bandgap tunability, superior charge transport properties, facile 

processing, and low cost (Y. T. Huang et al., 2021; Ma et al., 2018). Perovskite solar 

cells have demonstrated unprecedented progress in efficiency and their architecture 

evolved over the period of the last 9-10 years, achieving a high-power conversion 

efficiency of more than 25% in 2021 (J. Liu et al., 2021), serving as a promising 

candidate with the potential to replace the existing commercial PV technologies. 

However, the toxicity of Pb-based materials in solar cells restricts their utilization and 

commercialization. To get rid of this issue, rigorous research on lead-free materials 

with high-efficiency output is the need of the hour. Fortunately, Pb is replaced by its 

alternative materials and Pb-free perovskite mainly double perovskites solar cells have 

been developed and reached an efficiency of approximately ~15% (Smith, n.d.). 

Although the efficiency of Pb-free perovskite devices is inferior to Pb-based ones, the 

reports pave the way for the bright hope for the commercialization of PSCs and provide 

better stability and eco-friendly paths. 
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1.2. Perovskite Solar Cells (PSCs) 

 Perovskite solar cells (PSCs), were first reported by Kojima et al. in 2009, who 

employed CH3NH3PbI3 (MAPbI3) and CH3NH3PbBr3 (MAPbBr3) as sensitizers in 

dye-sensitized solar cells based on liquid-electrolyte and achieved an efficiency of 

3.81%. By less than 10 years of development, the efficiency has been raised to 25% 

according to the latest chart of record cell efficiencies from the National Renewable 

Energy Laboratory  (Chung et al., 2012b; Saliba et al., 2016; W. S. Yang et al., 2015a; 

Y. Zhou et al., 2016). To push the rising star from academic studies into real-life 

applications, massive efforts have been made to the improvement of performance and 

stability of PSCs  (Niu et al., 2016). 

 However, the main hindrance to the commercialization of PSCs is (1) toxicity 

of Pb atoms, (2) degrading in a very short time and (3) high cost. The lead-based 

perovskites are the champion in producing the highest efficiency today. However, the 

application of Pb-based materials in PSCs is not desired. In order to eliminate this 

issue, the common trend of research is concentrated on lead-free materials along with 

commercialization. Fortunately, Sn-based materials have been developed and reached 

an efficiency of approximately ~7% (Hao et al., 2014; Noel et al., 2014). Although the 

efficiency of Sn-based lead-free perovskite devices has not exceeded the efficiency of 

the Pb-based devices, there is hope to overcome this in a very short period of time. 

 Subbiah et al., reported power conversion efficiency (PCE) of 7.3% 

using an inorganic NiO as a hole conductor in planar, inverse CH3NH3PbI3–xClx-based 

cells instead of organic hole conductors which were usually coupled with hybrid 

organic-inorganic semiconducting perovskite photovoltaic cells  (Subbiah et al., 

2014). Chatterjee and Pal (2016), introduced Cu2O thin films as a hole-transport layer 

in planar perovskite solar cells (Chatterjee & Pal, 2016). With methylammonium lead 

triiodide (MAPbI3) they formed a direct structure (p–i–n), where the perovskite layer 

was sandwiched between a layer of p-type Cu2O and another layer of n-type phenyl-

C61-butyric acid methyl ester (PCBM), which acted as a hole- and electron-transport 

materials, respectively, yielding an energy conversion efficiency (η) of 8.23% under 1 

sun illumination. Kumar et al., (2016) examined the structural stability, electronic 

structure, and optical properties of CH3NH3BaI3 hybrid perovskite and reported that 
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the solution-processed thin films of CH3NH3BaI3 exhibited high transparency in the 

wavelength range of 400–825 nm (1.5–3.1 eV for which the photon current density is 

highest in the solar spectrum) (Kumar et al., 2016). Gollu et al., (2015), reported a 

13% increase in the PCE when SiO2 np were incorporated in P3HT:PCBM photoactive 

layer, whereas PCE was increased by 20% when SiO2 np were incorporated in ZnO-

based ETL 

The rise of the organic-inorganic hybrid halide perovskite (hybrid perovskite) 

has stunned the photovoltaic community with its remarkable performance and rapid 

progress in the past 5 years (Q. Chen et al., 2015). This extraordinary material has 

exhibited unprecedented development, soaring to cross 20% PCE in photovoltaic (PV) 

devices within very few years (Burschka et al., 2013; Jeon et al., 2015; H. Zhou et al., 

2014). 

 Debut in photovoltaics by hybrid perovskite was made in 2006 when Miyasaka 

and colleagues by employing CH3NH3PbBr3 as a sensitizer on nanoporous TiO2 in a 

dye-sensitized solar cell (DSSC) based on liquid electrolyte, had obtained the 

efficiency of 2.2%. In 2009, a PCE of 3.8% was achieved by replacing Br with I 

(Kojima et al., 2009). In 2011, Park and co-workers achieved an efficiency of 6.5% by 

employing perovskite nanoparticles (∼2.5 nm in diameter) on TiO2 to serve as 

sensitizers for improved absorption over conventional dyes (Im et al., 2011).  Those 

devices were very susceptible to dissolution within the solutions of polar electrolytes. 

Consequentially, in 2012 Kim et al., applied a solid electrolyte Spiro-MeOTAD 

(2,2’,7,7’-tetrakis (N,N-pdimethoxyphenylamino)-9,9’spirobifluorene) as a hole 

transport layer (HTL), and reported an initial efficiency of 9.7% along with an 

improvement in its stability compared to the liquid-based design (H. S. Kim et al., 

2012). In the same year, an HTL-free device was also demonstrated with a PCE of 

7.3%  (Etgar et al., 2012). 

 Later, Snaith reported the replacement of the n-type TiO2 electron transport 

material (ETM) with an inert Al2O3 scaffold, demonstrating an efficiency of 10.9% 

(Snaith, 2013). In 2013, Grätzel’s group used the two-step iodide and scaffold TiO2 

for improving the morphology of perovskite. They got an exceeding 15% efficiency 

by a two-step solution processing (Grätzel, 2014). These reports revealed the 
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ambipolar nature of perovskites, which enlightened and encouraged the intensive 

employment of the planar hetero-junction architecture in these devices (Grätzel, 2014; 

M. Liu et al., 2013). Meanwhile, Snaith and co-workers reported a mixed-halide 

perovskite by using chlorine-containing precursors, demonstrating improved carrier 

transport, diffusion lengths and stability over its tri-iodide counterpart (Snaith, 2013). 

Later, bromine inclusion was reported to feature an adjustable band gap for perovskites 

(Noh et al., 2013). This sparked an enormous development in the hybrid lead halide 

perovskite CH3NH3PbX3 (X = I, Cl, Br), obtaining a record PCE reaching up to 20.1% 

in just five years using low-cost production methods and 28.2% efficient Perovskite 

silicon-based tandem solar cell (J. Liu et al., 2021). Docampo et al., 2013, also 

reported the possible fabrication of a perovskite solar cell, an 'inverted' configuration 

with the hole transporter below and the electron collector above the perovskite planar 

film (Docampo et al., 2013) . W. S. Yang et al., 2015, at UCLA, reported reverse-scan 

efficiency of 19.3% with the planar thin film of perovskite using a range of deposition 

(W. S. Yang et al., 2015b). At the 6th World Conference (2014), on Photovoltaic 

Energy Conversion in Kyoto, Japan, a single-junction PSC was mentioned with a PCE 

of 24%.  

 Later Pb-free inorganic Double Perovskites (DPs) were employed in the PSCs. 

The DPs were easier to synthesize, and their stability was good in an ambient 

environment and durable for long periods  (H. J. Feng et al., 2017a; Lamba et al., 2019; 

Y. Liu et al., 2021). In our work also we have tried to prepare Cs2AgBiBr6 of DPs for 

photovoltaic applications (H. J. Feng et al., 2017b; Filip et al., 2016a; McClure et al., 

2016; X. Yang et al., 2020). Wang et al., reported DP Cs2AgBiBr6 with the highest 

PCE of 3.11% till now. They used Carboxy-Chlorophyll derivative (C-Chl)-sensitized 

TiO2 film as ETL (B. Wang et al., 2021). Previously, they had reported the Zinc 

Chlorophyll (Zn-Chl) derivative-based HTL (Hole transport layer) in a Cs2AgBiBr6 

device with a PCE of 2.79% (M. Wang et al., 2018). Ning et al., (2018) developed the 

TiO2-based Cs2AgBiBr6 PSC with the highest PCE of 1.1%  (Ning et al., 2018). Igbari 

et al., (2019) prepared the Cs2AgBiBr6 PSC following the vacuum-assisted 

sublimation method and achieved a PCE of 2.48% on average (Igbari et al., 2019). 

1.3. Perovskite Solar Cell Architecture 
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The efficiency of Perovskite Solar Cells depends upon various parameters 

such as the material used for electron and hole transportations and the thickness of the 

layers, depositing methods, band gap tailoring, the condition of the lab environment 

and many more. 

In general, the thin film-based PSCs’ architecture has a structure of multilayer 

components as electrodes, ETL (electron transport layer), perovskite absorber, HTL 

(hole transport layer), and back contact (Arumugam et al., 2021). Between the HTL 

and ETL, the perovskite absorbers are mainly sandwiched in the middle. Changing the 

materials used in the ETL and HTL has shown an improvement in the efficiency of the 

PSCs (Nair et al., 2020). ETLs are the n-type semiconductors viz. PCBM, ZnO, SnO2, 

TiO2, etc., and HTLs are p-type semiconductors, namely, Spiro-OMeTAD, 

PEDOT:PSS {poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonic acid)}, NiOx, 

CuSCN, etc (L.-C. Chen & Tseng, 2017; M. Feng et al., 2020a; Tavakoli et al., 2016). 

Previously, the organic HTL PEDOT:PSS was widespread in PSCs, but due to its 

hygroscopic and poor electron-blocking nature, a lot of degradation in PCE occurred 

(Akhtaruzzaman et al., 2020; M.-H. Liu et al., 2016). If the electrons are not blocked 

properly, then the recombination at the interface layer will be increased leading to low 

cell efficiency (Yin et al., 2019). PEDOT:PSS has acidic nature as well. Transport 

materials need to be transparent, able to block the electron, and should possess ohmic 

contact with the electrodes and good stability (Yin et al., 2016; Yoon & Kang, 2018). 

NiO thin film has been used as the HTL in this present work. It is found that inorganic 

materials provide good stability and carrier mobility (Guo et al., 2018). ZnO np have 

been employed as an ETL in perovskite solar cells due to their influence on 

morphology, surface property, and thickness in overall power conversion efficiency. 

The properties of ZnO include high transparency, wide band gap semi-conductivity 

and sensing properties (L.-C. Chen & Tseng, 2017). 
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Fig. 1.1. Schematic diagram of the general structure of a Perovskite solar 

cell a) p-i-n and b) n-i-p configuration 

At present, the main focus of researchers around the world is on the 

improvement of long-term stable PSCs for commercialization in the PV market. The 

toxicity is also another problem of Pb for the adoption of such PV products to 

consumers or the development of integrated applications. However, the diversity of 

PSCs such as flexibility and multi-junctions provides new hope for market 

introduction. 

So, this research work proposes to develop Pb-free perovskite materials and 

characterize the same for utilization in perovskite solar cells. The work has tried to 

find a way to provide better eco-friendly paths. 

  



9 
 

CHAPTER 2 

INSTRUMENTATION AND CHARACTERIZATION TECHNIQUES 

INTRODUCTION 

 In experimental research, characterization techniques are very important for 

the confirmation of the correct results. The progress of the research also depends upon 

the improvements in the quality of the instruments used. Much and more 

characterizations provide the results from the different dimensions. In this chapter, we 

will discuss the use of instruments and the principle of characterization techniques 

applied to the prepared samples. Grazing Incident X-ray Diffractometer (GIXRD), 

Scanning Electron Microscope (SEM) with Energy Dispersive X-ray Spectroscopy 

(EDX), X-ray Photoelectron Spectroscopy (XPS), Ultraviolet-Visible 

Spectrophotometer (UV-Vis), Photoluminescence Spectrometer (PL), Current Voltage 

Source meter (IV), Hall Measurement and Solar simulator are the instruments which 

have been used for this work. 

 The Perovskite Solar Cell has mainly three components, ETL, HTL and the 

absorber layer. For confirming and understanding their polycrystalline structure we 

used GIXRD. It also provides data about the particle size and crystal phase. The 

working principle and the methods of characterization of the samples are discussed in 

short. The surface morphology is studied with the help of SEM. It also provides 

information about the shape and size of the crystal. The EDX attached to the SEM is 

used to confirm the elemental composition of the prepared samples. Absorption and 

Transmittance are studied by UV-Vis Spectrometer which is also used to calculate the 

optical band gap of the materials. The emissive property of the samples was studied 

with PL spectroscopy. The Current Voltage measurement was done by the Keithley 

source meter. 

2.1. Grazing Incident X-ray Diffraction (GIXRD) 

 Grazing incidence X-ray diffraction (GIXRD) is a common characterization 

technique for thin film. W. C. Marra and A.Y. Cho in 1979 proposed this technique 

while studying GaAs and Al thin film grown on GaAs substrate (Cullity, 1978a). It is 
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a non-destructive analysis method. The signals produced from the thin film materials 

are very weak and there is huge interference from the substrate, the traditional powder 

XRD is not suitable for this purpose. A low angle of incidence close to a critical angle 

is used to achieve low penetration of X-rays in the matter in GIXRD (Thomas, 2010).  

Since the angle used is very small and seen as if grazing on the samples, the technique 

is often named GIXRD. It can also provide precise information about morphology like 

TEM or SEM. It is also known as Grazing Incidence Wide Angle Scattering 

(GIWAXS) or just GIXRD while using its wide angles which provide the 

crystallographic information of the surface structure. The detectors can be moved over 

the axes for collecting the information from in-plane and out-of-plane. Both planes 

give complete information about the thin film structure. 

 

Fig. 2.1. Diffraction of radiation by crystal planes 

The theory behind X-ray diffraction is Bragg’s law (Renaud et al., 2009). 

Bragg’s law is given in equation no. 2.1. 

nλ=2dsinθ … 2.1. 

where,  

n = integer 

λ = wavelength of the x-ray 

d = space between the reflective layers 

θ = diffraction angle 

The beam of x-rays is incident on the sample with an angle θ. A diffraction 

pattern is obtained when the crystalline structure of the sample creates interference in 
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the incident X-rays. The detector records the diffraction pattern over the 2θ range. 

From the obtained data all the possible parameters can be calculated. Every element 

has unique d-spacing producing a particular diffraction pattern, which can be 

compared with the established XRD database (Renaud, 1998). The incidence angle is 

kept very small but little more than the critical angle of total reflection, usually < 30. 

This lower angle controls the penetration power of the x-ray in the thin film. 

 

Fig. 2.2. Schematic diagram of GIXRD setup for out-of-plane and in-plane 

measurements 

The Miller indices (h,k,l) help to find out the cell constants once they are fixed 

to the various diffraction patterns. The Miller indices and angle of diffraction are 

directly related and can be expressed by combining the d-spacing expression with 

Bragg’s law (Pandey et al., 2021). The expressions are given below. 

Crystal System Relationship for dhkl 

Cubic   
1

𝑑2
=

ℎ2+𝑘2+𝑙2

𝑎2
     … 2.2. 

Tetragonal  
1

𝑑2
=

ℎ2+𝑘2

𝑎2
+

𝑙2

𝑐2
    … 2.3. 

Orthorhombic  
1

𝑑2
=

ℎ2

𝑎2
+

𝑘2

𝑐2
+

𝑙2

𝑑2
    … 2.4. 
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Hexagonal  
1

𝑑2
=

3

4
[
ℎ2+𝑘2+𝑙2

𝑎2
] +

𝑙2

𝑐2
    … 2.5. 

Monoclinic  
1

𝑑2
=

1

𝑠𝑖𝑛2𝛽
[
ℎ2

𝑎2
+

𝑘2 𝑠𝑖𝑛2𝛽

𝑏2
+

𝑙2

𝑐2
−

2ℎ𝑙 𝑐𝑜𝑠𝛽

𝑎𝑐
] … 2.6. 

 The XRD has three main components, the sample holder in the middle and X-

ray tube and X-ray detectors at the extreme sides. Cathode ray tube produces X-rays 

by heating the filament. Applied voltage accelerates the electrons and bombards the 

target dislodging the inner shell electrons of the sample with sufficient energy and 

producing the characteristic X-rays (Bunaciu et al., 2015). The X-ray produced 

consists of many wavelengths mainly Kα and Kβ. Kα also has Kα1 and Kα2 where Kα1 

is twice in intensity and a little shorter in wavelength in comparison with Kα2. Target 

materials produces the specific wavelength (Cr, Cu, Fe, Mo). For producing 

monochromatic X-rays, crystal monochromators or filtering foils are used. The most 

commonly used target is Cu, and the radiation Cu Kα has the wavelength of 1.5418Å. 

The peaks obtained from the XRD plot provides many information about the samples 

tested. Each peak resembles the signature of some particular element when matched 

with the standard database like International Centre for Diffraction Data (ICDD) (T. 

C. Huang & Predecki, 1997). The particle size can be calculated using Debye-Scherrer 

equation given below (Marra et al., 1979; Simeone et al., 2013),  

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 … 2.7. 

where, 

D = mean diameter 

k = shape factor 

λ = wavelength used 

β = the full width at half maximum (FWHM) 

θ = Bragg’s angle. 

For all the structural characterization, Smart Lab High-Resolution X-ray 

Diffractometer from Rigaku with 40kV power and 40mA current was used. The 

measurement was taken in Parallel Beam 2θ mode with a Grazing Incidence angle of 



13 
 

10 with 0.02 step size and a scan rate of 40 per minute. The source wavelength used 

was Cu kα radiation (λ=1.54 Å). 

2.2. UV-Visible Spectrophotometer 

The UV-Visible is used to analyse the absorption behaviour of the thin films. 

Absorption of light by different molecules varies with the wavelength and the 

wavelength absorbed by particular molecules is recorded by using UV-Vis 

Spectroscopy. The spectrometer is of two types based on single-beam and double-

beam light sources. In a single beam, the reference and the samples are kept 

successively whereas, in a double beam, a prism or a diffraction grating separates the 

UV-Vis light source beam into its component wavelengths. The further half-mirrored 

device splits the monochromatic beams into two equal beams. There are two holders 

first one for a sample and the second for reference. One beam passes through the 

sample and another through the reference and the electronic detectors compare the 

light intensities of both beams. The reference sample must pass all the light and the 

intensity is denoted by I0 and since the sample might have absorbed some light, the 

intensity is denoted by I.  

The result given by the spectrometer for absorbance is based on Lambert-Beer 

law (Mäntele & Deniz, 2017) given below, 

A=-log (T)=-log (I/I0) … 2.8. 

where, T = transmittance (I/I0). 

The wavelength λ is plotted on the x-axis and absorbance or transmittance is 

plotted on the y-axis. There will be I=I0 if the sample doesn’t absorb any light. The 

difference in the intensity originates from the absorption graph and there is one unique 

value for λmax for each sample. λmax is different for different samples and becomes the 

signature peak for that particular sample (Joshi et al., 2019). 

The UV-Vis spectrometer contains a light source, monochromator, sample 

holder, detector and an amplifier with indicating device. Mostly two different light 

sources are used, a deuterium lamp for UV-region (190-400nm) and a tungsten-

halogen (300-2500nm) lamp for the visible region. Among all these components the 
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monochromator usually the grating is the most crucial one. Charged-coupled devices 

(CCD), Photodiode arrays, photodiodes, and photomultipliers are the different types 

of detectors used in the UV-vis spectrometer (F. Zhou et al., 2019). 

In this work, Absorption and Transmission were recorded by Agilent Cary 

5000 UV-VIS-NIR spectrophotometer. 

 

Fig. 2.3. Schematic diagram of the UV-visible double beam spectrophotometer 

 

2.3. Scanning Electron Microscope (SEM) with Energy Dispersive X-ray 

Spectroscopy (EDX) 

The morphological information is usually given by the SEM. The surface 

structure, shape and size of the samples can be known with the help of SEM. The high 

resolution or the high depth imaging is obtained by the generation and evaluation of 

secondary electrons (backscattered electrons in less amount) with a finely focused 

beam of the electrons. SEM micrographs are digitally produced images of the samples. 

The filament is of two types, i) field emission or ii) thermionic emitter. The filament 

generates the primary electrons when electrical potential and high voltage are applied 

to it. These electron beams are finely focused by the electromagnetic lenses and scan 

the surface of the sample systematically. The generation of particles and photons takes 

place on the surface of the samples with the interaction by the primary electrons.  
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Fig. 2.4. Interaction of different electrons with the sample 

The back-scattered electrons and the secondary electrons are the most 

important signals in SEM. Variations in signal intensity of the electron beam at each 

point of the sample within the scanned area led to the formation of the images (Koster 

et al., 2000). 

 

Fig. 2.5. Schematic diagram showing different components of SEM equipment 
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The acceleration of electrons from the field emission cathode is usually 

controlled by the difference in the voltage between the cathode and the anode. To form 

a desirable electron probe at the surface of the specimen, the smallest beam cross-

section gets demagnified with the electron lens system. Aperture, probe diameter and 

electron probe current can be regulated to increase the depth of the focus and for 

changing other parameters as well. A deflection coil system present in front of the final 

lens is required to scan across the sample and to focus the electron probe. A separate 

cathode ray tube (CRT) synchronises the electron beam for adjusting the focus and 

other parameters of the probe. The intensity of the CRT can be modulated to produce 

the images. The magnification of the images can be varied by changing the current 

between the coil current and the final scanning beam by keeping the image size 

constant (Saadaldin et al.,2015). 

EDX 

The main use of EDX is to determine the composition of the elements in the 

prepared thin films. This characterization was taken along with the SEM. The incident 

beam of electrons excites the atoms of the sample which produces the characteristic 

X-rays. These characteristic x-rays are unique for every element with a particular 

wavelength.  

 

Fig. 2.6. Diagram showing the generation of characteristic X-ray and their 

nomenclature 
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The incident beam of the electrons irradiates the sample knocking off an 

electron from the inner shell of an atom and creates a vacancy. This excites the atoms 

and quickly the excited atom will come back to the normal state when an electron falls 

into the hole refilling it from the outer shell. Characteristic X-rays are produced as a 

result of this excessive energy produced during this transition. The differences in 

energies of the two shells are equal to the energy of characteristic X-rays. The holes in 

the K-Shell are filled by the electrons in the outer shell producing K-series X-rays. 

Similarly, the L-series X-rays are also produced. The relative intensities of the X-rays 

are denoted by the Greek letters α and β.  

 

Fig. 2.7. Different types of signals emitted by incident beam-specimen interaction 

The main components of EDX are the electron beam, detector (Si drift), pulse 

processor and analyser. The counts or the numbers of the X-ray against the energy 

level or the wavelength give the measure of the characteristic X-rays when plotted 

systematically. The semiconductor detector detects the electronic signals emitted by 

X-rays. The number of currents produced determines the energy of the X-ray photon. 

When the semiconductor detector is hit by the emitted X-ray photon, produces a very 

small current, the drift ring within the detector generates the field gradient and the 

electrons get directed towards the anode. 



18 
 

In this whole work, Field Emission Scanning Electron Microscope (FESEM) 

micrographs were taken by Supra 55, Gemini FESEM with EDX, Carl Zeiss, 

Germany. 

 

Fig. 2.8. Schematic diagram for EDX System 

 

2.4. Photoluminescence (PL) Spectroscopy 

  In photoluminescence, the light energy (photons) incident on the samples 

stimulates the emission of the photon. The photon on the sample absorbs the incident 

photon and relaxes after reaching the higher energy level giving the emission of light 

while returning to the lower energy level. The luminescence or the emission of light 

through this method is termed Photoluminescence. This characterization is a non-

destructive and non-contact in nature. Emission measured with a single constant 

wavelength gives the wavelength distribution of the emission spectrum but the 

excitation is measured upon scanning the excitation wavelength with a single emission 

wavelength which depends upon the emission intensity. 

 PL spectroscopy is often used to investigate the optical properties of the 

material. The emission spectra are useful to investigate the identification of the surface, 
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and interface with roughness and impurity levels. The information about the interface 

and the quality of the surface is obtained from the intensity of the PL signal. The 

electric field on the surface of the sample can also be studied by applying a bias and 

varying the PL intensity.  

  The PL spectrometer may contain a Xenon lamp as a source of light for 

excitation while in some PL spectrometers, the light sources are the LASERs with 

required wavelengths. The monochromators are used to select the emission and 

excitation wavelengths. The wavelengths are automatically scanned by motorized 

monochromators. The monochromator contains gratings as well. The photomultiplier 

tubes detect the fluorescence and other electronic devices are used for quantification. 

The sample holder is surrounded by the optical module, the shutters are used for 

eliminating the exciting light and for closing the emission channel. In the path of 

excitation light, a beam splitter is also used, which provide a part of excited light to 

the reference cell. Both the emission and excitation light path contains polarizers. 

These polarizers are not fixed and can be taken out when not necessary. The unwanted 

wavelengths and the lights scattered from the emission channel are often reduced by 

the application of filters. The result is usually seen on the computer screen in graphical 

form which can be stored digitally. 

 

Fig. 2.9. Representation of components and working of PL spectrometer 
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In this whole work, the emission properties of the sample were analyzed 

through Photoluminescence (PL) spectra by employing a 325nm laser in LabRAM 

HR-UV-Open Micro-Raman Spectroscopy, HORIBA Scientific, France. 

 

2.5. X-ray Photoelectron Spectroscopy (XPS) 

 The XPS is used to determine the chemical composition of the samples along 

with the oxidation states of an element and the binding energies of the respective 

electrons. The kinetic energy of the photoelectrons is analysed corresponding to the 

X-ray radiations applied in the experiments. XPS is also a non-destructive method for 

characterization. The area of the samples to be tested is some millimetre square and 

the depth is around 10 nm. 

 The samples are kept in an ultra-high vacuum chamber to prevent the collision 

between the gas phase molecules and the photoelectrons under the pressure in range 

of 10-10 to 10-7 mbar. Magnesium Kα (1253.6 eV) and Aluminium Kα beams are the 

common X-ray radiation used in XPS. Monochromators or sometimes synchrotrons 

are used to obtain a single wavelength. An electric field is applied to detect the kinetic 

energy of the ejected photoelectrons. Among all the ejected electrons only a few with 

optimum energy reach the detector and are counted. 

 In XPS the used X-ray beam usually ejects the electrons from the sample when 

incident on a particular area. Once the electrons are ejected, they create holes at that 

place. Again, these holes are filled with the electrons from the higher energy levels 

and create X-ray fluorescence radiation or sometimes radiationless Auger electrons are 

also ejected. The energy on the ejected electron can be understood by the given 

equation applying the conservation of energy; 

Er = Ekin + Eb + Φ  … 2.9. 

where,  

Er = Energy of the incident X-ray (hv), 

Ekin = Kinetic Energy of ejected electron 

Eb = Binding Energy of the Photoelectron 
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Φ = work function of the spectrometer (causes the energy loss) 

The energy of the incident X-ray is divided into mainly three components of the 

photoelectrons. XPS helps to investigate the electrons in terms of their binding energy 

corresponding to their orbitals. The information about the oxidation state, the chemical 

behaviours and the effective charge are obtained from the binding energy of the core 

electrons. The results are expressed by plotting the intensity (counts) versus either the 

binding energy or kinetic energy of the photoelectrons. The area under the plot 

provides information about the composition of the sample. 

For the understanding of the chemical compositions of the samples prepared in 

the work, XPS with 5000 versa probe III, PHI was used. 

 

 

Fig. 2.10.  X-ray Photoelectron Spectrometer used for this research work 
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2.6. Hall measurement 

 The principle behind the Hall effect can be considered as the extension of the 

Lorentz Force, the forces which pass through the magnetic fields acting on the charge 

carriers i.e., electrons and the holes when exposed to the magnetic and electric fields. 

This effect was named after the American scientist Edwin H. Hall in 1879. This 

method is used in various applications like magnetic field sensing, Tong Tester, linear 

or angular transducer, proximity sensors etc. For thin film, many different parameters 

can be measured such as resistivity, mobility, types of semiconductors and more. 

  

Fig. 2.11. Different types of contacts for samples in the Hall measurement 

In our work, we are interested in calculating the carrier mobility and the types 

of semiconductors. For calculation, we require to know Hall voltage VH and it can be 

calculated using the following equation 

VH=
𝐼𝐵

𝑞𝑛𝑑
 … 2.10. 

where, 

I = current flowing through the sample 

B = Magnetic Field Strength  

q = charge 

n = number of charge carriers per unit volume 

d = sample thickness 

For the calculation of the charge carrier concentration (n for electrons and p for 

holes), we use the following mathematical expression,  
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n or p = 
1

𝑞𝑅𝐻
  … 2.11. 

where 𝑅𝐻= Hall Coefficient 

and the Hall mobility for hole and electron is given by  

μp = σ𝑅𝐻 (for holes)       …. 2.12. 

μn = σ𝑅𝐻 (for electrons) …. 2.13. 

where μ is the conductivity. 

The thin film is kept in a four-probe holder and kept in between the electro-

magnet of 1.5 Tesla for the measurement. 

 

 

Fig. 2.12. Four probe clips for holding the thin film samples 
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CHAPTER 3 

SYNTHESIS AND CHARACTERIZATION OF ZnO NANO PARTICLES 

(np), ZnO THIN FILM AND ZnO NANORODS (nr) AS ELECTRON 

TRANSPORT LAYER 

INTRODUCTION 

 The role of the electron transport layer (ETL) is important in the performance 

of the PSCs. It is a major component of the PSCs which helps in extracting the photo-

generated electrons and suppressing the carrier recombination by blocking the holes. 

The energy band gap, carrier mobility, and morphology are the few properties of any 

ETL to enhance the PCE of the PSCs (Lakhdar & Hima, 2020). The transportation of 

charge also depends upon the trap states in the ETLs so the improvement in the 

interface between the perovskite layer and the ETL also optimizes the efficiency of the 

PSCs. Before ZnO, inorganic TiO2 was mostly used as an ETL in PSCs (L. Lin et al., 

2020). Although, the rate of charge transfer between the Perovskite layer and the TiO2 

layer was fast whereas the electron mobility was low and the recombination rate was 

high. The search for a similar type of semiconductor with improved properties for ETL 

was fulfilled by ZnO (Spalla et al., 2019). The ZnO was found to be an ideal candidate 

for ETL as its mobility was higher than that of TiO2 (Mohamad Noh et al., 2018). 

 ZnO is a wide band gap (3.37 eV) semiconductor of the II-VI group with large 

exciton binding energy (60meV) (Tsarev & Troshin, 2020). Due to its various good 

properties, it can be used in different fields like optoelectronics, water-splitting device, 

sensors, solar cells, UV emission devices, non-volatile memory, pH sensors, 

biosensors etc. (Ko et al., 2018; Kumar et al., 2020; Luo et al., 2018; Mahmud et al., 

2017; Ouyang et al., 2019). The interest in ZnO has increased because of its various 

easy synthesis methods (Taheri-Ledari et al., 2020). ZnO can be synthesized by spray 

pyrolysis, chemical vapour deposition, RF sputtering, and the Sol-gel technique 

(hydrothermal). In this work, sol-gel (hydrothermal) technique is employed for ZnO 

nanoparticles (np) and nanorods (nr)  (Sharma et al., 2018; Son et al., 2014). 
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3. Experimental 

3.1. Materials 

 Zinc Acetate dihydrate (ZAD) [Zn(CH3COO)2.2H2O, 98% purity], Zinc nitrate 

hexahydrate  (ZNH) [(Zn NO3)2·6H2O), 98% purity], Sulphuric acid [H2SO4, Emparta 

ACS grade, 98% purity], Acetone [C3H6O, Emplura grade, 98% purity], Hydrogen 

peroxide [H2O2 Emparta grade, 30% purity], 2-propanol [C3H8O, Emplura grade, 99% 

purity], Sodium Hydroxide pellets [NaOH], Hexamethylenetetramine (HMT) 

[(C6H12N4), 99% purity] were purchased from Merck Chemicals; Monoethanolamine 

(MEA) [(C2H7NO), 98% purity], 2-methoxyethanol (2ME) [(C3H8O2), 99% purity] 

and Tetramethylammonium hydroxide (TMAH or TMAOH),  Ammonium chloride 

[(NH4Cl), 98+% purity] were obtained from Alfa Aesar, Diethanolamine [C4H11NO2, 

98%], Dimethyl Sulfoxide (DMSO) [(C2H6OS), 99.9%  purity], N,N-Dimethyl 

formamide (DMF) [(C3H7NO), 99.8% purity], Fluorine doped Tin oxide (FTO) 

substrates were obtained from Sigma Aldrich. All the chemicals were not purified 

further before use. 

3.2. Methods adopted for synthesizing ZnO nr and ZnO np 

 The FTO Substrate were cleaned in ultrasonication using Acetone, 2-propanol 

and DI (Deionized) water each for 15 minutes and dried in a hot air oven for 4 h at 900 

C in the normal environment. In the first step, the ZAD (0.3M) was dissolved in 2ME 

followed by stirring at 600C and after 5mins MEA was also added maintaining the 

ratio of 1.1. The solution was transparent and kept for ageing for 24 h. The FTO 

substrates were coated with the obtained solution in the spin coating unit with 3000 

rpm for 30 sec and dried at 3000C for 10 min on the hotplate. Each substrate was coated 

ten times and then kept in the furnace for annealing for 1 h at 5000C. After that, the 

final ZnO thin film is prepared. 

Now, in the second step, HMT and ZNH were mixed to prepare an equimolar 

solution. In this solution, the previously prepared thin films were submerged in an 

inverted condition for 5 h at 900C. The ZnO nr start growing on the seed layer. These 
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grown nanorods are taken out of the solution and washed with DI water for eliminating 

any kind of impurities. The synthesis procedure is also depicted in fig. 3.1.  

 

Fig. 3.1. Flowchart for preparing ZnO thin film and the ZnO nanorods 

The ZnO np were prepared separately for preparing a thin film by dispersing 

on the top layers of perovskites. 3 mmol of ZAD was dissolved in 30 ml of DMSO and 

10 ml of ethanol dissolved 5mmol of TMAH and this solution was added in the first 

solution dropwise at the rate of 8ml per min. The reaction proceeded for 1 h at room 

temperature. The ZnO np were obtained by precipitation by adding an excess of 

acetone and again dissolved in ethanol for redispersion. This solution is used for 

preparing ZnO np layer over the substrate as ETL in the PSCs. The ZnO np layer was 

spin-coated with 1500 rpm for 60 secs and followed by baking at 600C for 30 min. 
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3.3. Results and discussions 

3.3.1. Structural properties 

The structural properties of the ZnO nr and ZnO np thin films were analysed 

from the XRD patterns. The crystalline nature is confirmed by the XRD graph. 

 

              Fig. 3.2. XRD graphs of a) ZnO np and b) ZnO nr 

Fig. 3.2. depicts the XRD patterns of the ZnO nr and ZnO np. The hexagonal 

wurtzite structure of the ZnO nr was confirmed by the obtained diffraction peaks which 
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match with the JCPDS card no 36-1451. The strong (002) peak at nearly 340 suggests 

the good crystallinity and purity of the nanorods. The reflection from (002) plane is 

higher than other peaks which indicates that the growth of the crystal has occurred 

along the c-axis that agrees with the previous reports (Sharma et al., 2018). For 

nanoparticles the (100), (002) and (101) are the signature peaks. These peaks are in 

agreement with the ICDD card no. 00-005-0664. For calculating the average 

crystalline size (D), Debye Scherrer equation (equation 2.7) was used. The average 

crystalline size of ZnO np was observed in the range of 86-112nm and for the ZnO nr 

the average size of the diameter ranges from 155-186 nm. The height of the ZnO nr 

were in the range of 2.7-2.9 μm. 

3.3.2. Optical Properties 

 Absorbance 

 

Fig. 3.3. Absorbance of ZnO np and ZnO nr 

The absorption in the visible region helps to understand the many optical 

properties of the sample. It provides broad information about the band structure and 

the energy band gap of the sample. Here fig. 3.3. represents the absorption of the ZnO 
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nr and ZnO np. The tunability of the band gap of ZnO offers good application in 

different fields. In our work, the band gap for ZnO nr and ZnO np is found to be 3.27 

eV and 3.28 eV respectively. The band gap was obtained from Tauc’s plot which are 

shown the fig. 3.5. and fig. 3.6. 

Transmittance 

The transparency of the ZnO as ETL is also an important property to be used 

in the PSCs. The transmittance of ZnO np is more than 80% and that of ZnO nr is more 

than 60%. The thickness of the ZnO nr is quite more than that of the ZnO np due to 

which the transparency is decreased. The transmittance is shown in fig. 3.4.  

 

Fig. 3.4. Transmittance of ZnO np and ZnO nr 
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Fig. 3.5. Band gap of ZnO np 

 

Fig. 3.6. Band gap of ZnO nr 
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Photoluminescence (PL) 

 The room temperature photoluminescence is taken with 325 nm excitation 

wavelength in the range of 300–800 nm. PL spectroscopy helps in the study of the 

different forms of structural defects present in the sample. The common defects 

occurring in the semiconductors are the zinc and oxygen interstitials and vacancies in 

the ZnO nanostructures (Kumar et al., 2020; Qiu et al., 2017). These defects cause 

various radiative recombination transition of electrons from conduction band in one 

case or from trapping levels. The recombination process of the electron-hole pairs and 

their transfer also can be understood with the PL (Bhujel et al., 2020). The ZnO nr and 

ZnO np has UV emission (near band emission) at 385 nm and 383 nm and deep-level 

emission (DLE) at 533 nm and 532 nm respectively. The excitonic recombination 

causes the UV emission and the combination of photogenerated holes along with the 

vacancies and defects causes the DLE. The peaks at the UV region are attributed to 

surface states or band tail states in ZnO (Sharma et al., 2018). The peaks in the 450-

650 region (DLE) could be present due to the native defects (i.e. optical centres 

associated with impurities) (Dong et al., 2015; Fang et al., 2013). The peaks at 533 

can be caused due to surface defects and oxygen vacancies. The enhanced 

recombination leads to higher intensities of the ZnO nr than that of ZnO np (Qiao et 

al., 2016). 

 

Fig.3.7. PL graph of ZnO nr and ZnO np 
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3.3.3. Morphological Properties 

FESEM images of fig. 3.8 (a, b, c and d) show the surface morphology and the 

cross-section view of the sample. The ZnO np and ZnO nr both are distributed 

uniformly. The average crystallite size of ZnO np and the average diameter of ZnO nr 

were found to be 90 nm and 160 nm respectively. There may be little difference in the 

measurement of size from XRD data and the data from FESEM images because XRD 

gives the average size but in FESEM the individual size can also be calculated. The 

ImageJ software and Smart SEM software were employed to calculate the size. The 

cross-section of the nr shows that the average height of the nr is around 2.8 μm. 

 

Fig. 3.8. a) FESEM image of ZnO np b) FESEM image of ZnO nr c) Cross-

section Image of ZnO nr d) Near view of ZnO nr 

 



33 
 

Fig. 3.9. a) EDX of ZnO np b) EDX of ZnO nr 

3.3.4. Electrical Properties 

The current-voltage (I-V) characteristic graph for ZnO np and the ZnO nr are 

shown in fig. 3.10. under the light illumination at room temperature. The measurement 

was taken in the range of -0.4 to +0.4 V. The enhancement in photocurrent in ZnO nr 

can be assumed because of its thickness and uniformity of the surface. The carrier 

concentration is calculated from hall measurement and found to be 1.118x1019 and 

1.208x1019 cm-3 for ZnO np and ZnO nr respectively. 

 

Fig. 3.10. J-V graph of ZnO nr and ZnO np 
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3.4. Conclusion 

ZnO nr and ZnO np were synthesized successfully. The structural properties 

revealed the high crystallinity of the substances. The morphology was studied with the 

FESEM and the composition was confirmed by the EDX graph. The optical band gap 

was in accordance with the reported data. ZnO np had better transmittance than the 

ZnO nr. The electrical property showed that the J-value for ZnO nr is greater than that 

of the ZnO np. The ZnO nr had greater carrier concentrations (1.208x1019 cm-3) than 

that of ZnO np (1.118x1019 cm-3). ZnO nr may be well efficient to be used as ETL in 

PSCs where ever possible. There is a limitation of the applicability of ZnO nr to be 

used in PSCs, that it can only be used in the n-i-p configuration of the PSCs. It is not 

easy to grow ZnO nr above the perovskite layer. So, in the p-i-n configuration of PSCs, 

ZnO np is dispersed as a thin layer of ETL. 
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CHAPTER 4 

SYNTHESIS AND CHARACTERIZATION OF NiO AND Cu:NiO THIN 

FILMS AS HOLE TRANSPORT LAYER FOR PEROVSKITE SOLAR 

CELLS 

INTRODUCTION 

The NiO thin films are now very common HTL in PSCs. It is a p-type 

semiconductor and is very useful in collecting holes in PSCs. NiO has become a good 

and promising Transparent Conducting Oxide (TCO) (Manders et al., 2013). 

Previously, PEDOT:PSS an organic HTL was being used extensively but it had some 

limitations like its electron-blocking nature was very poor, hygroscopic and acidic in 

nature which caused significant degradation in the output of PSCs. For good cell 

efficiency, the electrons have to be blocked properly otherwise there will be high 

recombination at the interface. HTL must have good Ohmic contact with the electrodes 

and it must be stable for a longer duration with good transparency. Most of these 

properties are possessed by NiO and thus have been used as HTL in this work. Many 

possibilities for improving the PCE of the PSCs can be seen with the introduction of 

NiO thin film as an HTL in PSCs. Doping with Copper also affects the performance 

of the cell as doping plays a vital role in improving the carrier mobility leading to 

increased efficiency of the PSCs (Benramache et al., 2020; Li et al., 2017a; X. Yang 

et al., 2018). 

 NiO possesses a cubic structure and belongs to the space group Fm3M. NaCl 

also has a similar structure. Its wide band gap nature (3.6-4.0eV) also facilitates use in 

more different applications. The NiO thin films can be synthesized from different types 

of routes. Direct deposition on the spin coating, pulsed laser deposition (PLD) (Franta 

et al., 2005), spray pyrolysis (Aftab et al., 2021), atomic layer deposition (ALD) (Hsu 

et al., 2015), sputtering (Sato et al., 2016a), combustion method (Li et al., 2017a), a 

sol-gel-spin coating method (Sahoo & Thangavel, 2018), electrochemical deposition 

(L. Zhao et al., 2011), chemical precipitation method (Aliahmad et al., 2014) are the 

common existing synthesis methods for preparing the NiO thin films. In our work, we 

have employed the sol-gel-spin coating method for depositing the NiO thin films as it 
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is user-friendly and very cost-effective. There are various applications of NiO thin 

films and nanoparticles as well. It is used in optoelectronic devices (Mohammed et al., 

2021), HTL in PSCs (Bashir et al., 2019), hybrid nano lubricants as oil compressors 

(Akkaya & Akman, 2021), plasmonic photocatalysts for polar H2 evolution (Z. Lin et 

al., 2018), antifungal response (Aftab et al., 2022), photocatalytic performance 

(Varunkumar et al., 2018) etc. 

 The HTL is considered very good if its Eg > 3eV and is chemically stable 

possessing good conductivity. In comparison, NiO has overcome the problems faced 

by the use of PEDOT:PSS. For the first time, NiO as HTL was applied by Steirer et al 

replacing the PEDOT:PSS (Steirer et al., 2010). They tailored the work function of 

NiO by O2 plasma treatment but they failed to understand the real effect clearly. 

Uniformity was obtained by the thicker films with lower open-circuit voltage (Voc), 

lower short-circuit current density (Jsc), and higher series resistance. There was non-

uniformity in the thinner films with incomplete coverage leading to inconsistent 

performance (Dawood, 2015). The application of NiO as HTL in BHJ polymer cells 

was done by Hsu et al for the first time. It was prepared by ALD, so the film was 

defect-free and uniform. The coverage was complete and had precise thickness control 

while deposition. They optimized thickness at 4nm and obtained a PCE of 3.38% (Hsu 

et al., 2015). You et al. showed that the solution-processed NiO as HTL improved air 

stability. The maximum PCS obtained was 14.6±1.5%. 

glass/ITO/NiOx/CH3NH3PbI3/PCBM/Al was the structure of the solar cell device 

(You & Noh, 2021). Kim applied polyethylene glycol (PEG)- assisted sol-gel method 

for NiO thin film preparation. It improved the smoothness of the morphology obtaining 

the uniform surface of the thin film significantly changed the properties of the interface 

between the layers. The inclusion of PEDOT:PSS along with the NiO layer as a hybrid 

HTL layer, helped in good extraction of charge and suppressed the recombination of 

the charges. They improve the PCE of the cell from 5.68% to 6.91%. The doping of 

different elements in NiO also has shown good improvement in the PCE of solar cell 

devices (J. K. Kim, 2019). Jung et al., prepared Cu:NiO via the low-temperature 

combustion method in methylammonium lead halide perovskite and improve the PCE 

from 15.52% to 17.8% with the temperatures at 1500 C and 5000 C (conventional 
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method) respectively. The grain size was increased by the Cu doping in NiO thin film 

and influenced the surface morphology resulting in a decrease in transmittance. The 

optical band gap was lowered in Cu:NiO (3.69eV) compared to the undoped NiO thin 

film (3.73eV) (Jung et al., 2015). Doping also affected the conductivity at the different 

annealing temperatures. So, the research on the application of NiO thin film as HTL 

has been going on in various parts of the world rigorously. 

4. Experimental 

4.1. Materials 

Nickel (II) Acetate hydrate (NiAc) [Ni(CH3COO)2.xH2O, 99% purity], 2-

methoxyethanol (2ME) [(C3H8O2), 99% purity], Monoethanolamine (MEA) 

[(C2H7NO)] were purchased from Alfa-Aeser. Copper (II) acetate monohydrate 

(CuAc) [(CH3COO)2Cu.H2O, 98% purity], Hydrochloric Acid [(HCl), 37% purity], 

Acetone, 2-propanol (IPA), and Ethanol were purchased from Merk Chemical. FTO-

coated glass substrates were used for thin-film coating. DI water was derived from the 

millipore water system. All the chemicals were used in experiments as purchased 

without any further purifications. 

4.2. Methodology 

Solution Preparation 

10 ml of 2-methoxy ethanol was taken as a solvent for each solution with a 

concentration of 0.1M. NiAc was added accordingly, and the amount of MEA has 

maintained the ratio of 1.1 with NiAc. For copper doping, 2%, 4% and 6% of CuAc 

was added to the solution. Stirring the solution for 2 hours at 600C on the magnetic 

stirrer it was kept for one day of ageing  (Sahoo et al., 2019). The undoped and 2%, 

4% and 6% Cu doped NiO thin films are named NiO, 2Cu:NiO, 4Cu:NiO and 6Cu:NiO 

respectively. 

Thin Film Coating 

FTO-coated glass substrates were ultrasonically cleaned with acetone, DI 

water, ethanol, DI water, IPA, and DI water in sequence for 20 minutes each and dried 
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in a hot air oven for 2 hours. The thin film was coated using a spin coating unit. The 

spinning speed was 3000 rpm and the control time was 30 seconds at room 

temperature. The substrates were dried on the hot plate at 300 ºC for 10 minutes. Each 

thin film was coated with 10 layers of samples and annealed by keeping it in a muffle 

furnace at 500ºC for 1 hour. 

 

Fig. 4.1. Different stages of NiO thin film preparation 

4.3. Results and Discussions 

4.3.1. Structural Properties 

The 2θ peaks at 37.870, 43.620 and 61.620 corresponding to (111), (200) and (220) 

hkl planes respectively are obtained from the GIXRD pattern shown in the fig. 4.2. 

which is matched with the ICDD card No. 00-004-0835 and confirmed the face-

centred cubic structure of the NiO thin film belonging to the Fm-3m (225) space 

group. The doping of Cu has not disturbed the phase structure as there is no diffraction 

peaks indicating the Cu. The NiO has a good crystallinity as there is a sharp peak at 

37.80. 

Debye-Scherer’s equation (2.7) was employed to calculate the crystalline size 

of undoped and doped NiO thin films  (Cullity, 1978b). Although there were some 

differences in the lattice parameters, the calculation has been performed by assuming 

the lattice distortion as constant. 
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Fig. 4.2. XRD graph of NiO and Cu doped NiO thin film 

Table 4.1. The crystal size, lattice strain, lattice parameter, dislocation density and 

interplannare spacing of undoped and Cu doped NiO from GIXRD 

Samples 2θ (º) Grain 

Size 

(nm) 

ε (lattice 

strain) 

x10-3 

a (lattice 

parameter) 

in Å 

δ (dislocation 

density) (x10-

3) 

 (nm)2 

d 

(interplanar 

spacing) in 

Å 

NiO  37.88 11.07 3.2670 4.110 8.149 2.372 

2Cu:NiO 37.77 12.60 2.8712 4.121 6.294 2.379 

4Cu:NiO 37.68 14.63 2.4724 4.131 4.667 2.385 

6Cu:NiO 37.87 9.97 36.278 4.111 5.768 2.374 

 

The respective values of different parameters for the 2θ value of 37.880 

corresponding to the (111) hkl plane, are tabulated in table 4.1. We observed that the 

samples are polycrystalline in nature from the analysis. In this work, the crystalline 

size increases with the Cu doping of 2% and 4% but for the 6% doping again the size 
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decreases. The decrease in crystallite size may be due to the induced strains and 

dislocation density thus, resulting in the formation of defect levels as well (Najaa & 

Eshghi, 2015a). The increase in the amount of Cu doping in NiO thin film can be 

considered the fact that the interaction of adjacent Cu-Cu ions (L. Zhao et al., 2011). 

Contrary to our result, Sahoo et al have shown that the crystalline size had increased 

for all Cu-doped samples (Sahoo et al., 2021). The 6Cu:NiO has the lowest strain 

corresponding to its highest crystalline size compared to all other thin films (Das et 

al., 2018). Ethiraj et al., also reported a decrease in crystalline size with the increases 

in Cu doping concentration (Ethiraj et al., 2020). Due to Cu doping, there is a shift in 

the 2θ value to the higher angle side of all the samples. The reason behind this can be 

considered to be the difference in the ionic radius of Ni ions (0.78 Å) and Cu ions (0.82 

Å). In NiO, Cu substitutes the site of Ni and expands the lattice, hence also increasing 

the lattice constant (Emamdoust & Farjami Shayesteh, 2018; He et al., 2017). 

4.3.2. Morphological Properties 

 FESEM images are used for the morphological study of the Undoped and 

Cu:NiO samples. The top view of the samples is given below in the fig. 4.3. a) undoped 

NiO, b) 2Cu:NiO, 3) 4Cu:NiO, 4) 6Cu:NiO respectively. The surface was uniform 

without any cracks on the substrate. The grains are spherical in shape with particle 

sizes ranging from 8-15 nm which is matching with the results obtained from XRD 

data. The average particle size was calculated using ImageJ software. The cross-

section view showed the average thickness of the thin films in the range of 570-653 

nm. 

 The EDX was taken along with the FESEM for the confirmation of the elemental 

composition of the samples. The EDX graphs (fig. 4.4. a, b, c and d) confirmed the 

presence of Ni, O and Cu in the respective samples. The presence of Sn is also seen in 

the graph because the sample was coated on the FTO substrate. 
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Fig. 4.3. FESEM and Cross section images of the a) & e) NiO, b) & f) 2Cu:NiO, c) 

& g) 4Cu:NiO and d) & h) 6Cu:NiO respectively 

 

(a) 

(f) (e) 

(d) (c) 

(b) 

(h) (g) 
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Fig. 4.4. EDX of a) NiO. b) 2Cu:NiO, c) 4Cu:NiO and d) 6Cu:NiO 

 

4.3.3. Optical Properties 

Absorbance 

 

Fig. 4.5. Absorbance of NiO and Cu doped NiO 
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The absorbance for all the samples were taken in visible range for the optical 

studies are shown in fig. 4.5. All the samples showed the strong absorption in UV 

region. The doping concentration of Cu increased the absorption which suggest that 

there is an increase in quality in the crystallinity of the samples (Dawood, 2015). The 

red shift in the band gap suggests that there is an increase in grain size (Zhang & Zhao, 

2019) (Mironova-Ulmane et al., 2019). As a result, it leads to the variation in the band 

gap (ÇAYIR TAŞDEMİRCİ, 2020). Ashok Reddy et al reported the reduction in band 

gap  (Ashok Kumar Reddy et al., 2013). 

 

Transmittance 

 

Fig. 4.6. Transmittance of NiO and Cu doped NiO 

Transmittance plays a very significant role in choosing the HTL for PSCs. Fig. 

4.6. shows the transmittance of the undoped and Cu doped NiO samples. The undoped 

NiO thin film showed the maximum transparency of more than 90%. The 

transmittance decreased with the increase in doping concentration as the minimum was 

60% for 6Cu:NiO. The variation in transmittance can be attributed to the change in 

crystalline size (Najafi et al., 2018). For the thin film semiconductor, the free charge 

carrier is most responsible for the light absorption at the long wavelength (Najaa & 
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Eshghi, 2015b). The irregularity in the transmission curve suggests that the thickness 

of the samples is not uniform (Manders et al., 2013). 

 The optical band gap was calculated using Tauc’s plot method (Tauc et al., 1966) 

using equation no 2.7. The energy vs (αhν)2 graph was plotted. We obtained the 

bandgap values by linear extrapolation of the curve on the energy axis (fig. 4.7). The 

band gap value is maximum for the undoped NiO thin film and starts decreasing with 

the doping concentrations. Minimum intrinsic defect in undoped NiO provided the 

larger bandgap. Band tails formed by Cu impurities and defect levels near the valence 

band edge are also responsible for the decrease in band gap (Najaa & Eshghi, 2015b). 

The respective band gaps of the samples are given in table 4.2. 

 

Fig. 4.7. Band gap of NiO and Cu doped NiO from Tauc’s plot 
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Table 4.2. for band edge, bandgap, thickness of undoped and Cu doped NiO 

Samples Band Edge in nm Band Gap in eV Average 

Thickness nm 

NiO 347 3.85 522 

2Cu:NiO 348 3.80 520 

4Cu:NiO 353 3.74 518 

6Cu:NiO 370 3.62 513 

 

Photoluminescence 

The room temperature PL spectra of the undoped NiO and Cu:NiO thin films is 

represented in fig. 4.8. The 325 nm laser was used as the excitation wavelength. Mainly 

the PL emission is understood in two categories as near band edge (NBE) UV emission 

and deep level (DL) in the visible region which is related to defects. The exciton-

exciton scattering leads to the direct recombination of excitons and causes UV 

emission. The electron occupying the vacancy of oxygen and the photo-generated hole 

causes radiative recombination and originates the visible emission (Kumari et al., 

2009). The strong band-band PL emission peak at 390 nm indicates higher crystallinity 

and larger particle size (Y. A. K. Reddy et al., 2013). The recombination rate of photon-

induced E-H pair increases with higher band-band PL intensity. The peaks at 511 nm 

and 708 nm correspond to the slight change in stoichiometry, the interstitial oxygen 

trapping within the lattice or cation vacancy of NiO thin film leading to the defects. 

The charge transfer between Ni2+ and Ni3+ can also generate vacancies in NiO thin 

films (Liang et al., 2014). The two shoulder peaks in the green emission region can be 

attributed to the presence of said defects in the NiO lattice (Y. A. K. Reddy et al., 

2013). The peak 390 lies in the blue emission region which confirms the Cu doping in 

NiO. Increasing the doping concentration, the PL intensity is decreasing which can be 

due to the increment in the particle size  (B. R. Reddy et al., 2014). 
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Fig. 4.8. PL graph of NiO and Cu doped NiO thin films 

4.3.4. Electrical Properties 

Photo Current Density (J) of the Cu doped and undoped samples were taken 

under Dark conditions, Visible, Ultraviolet and Infrared light within the voltage range 

of -0.4 to +0.4 V. The different samples showed various J-V properties. As the doping 

concentration increased, the J also increased corresponding to the applied voltage V. 

Again, among the various illuminations, the maximum J-V value was observed by the 

samples which were under the IR illumination. In all the cases the J at dark was low 

followed by the visible light and J increased under UV light and reached a maximum 

under the IR. So, Cu-doping increases the electrical conductivity and with this, the 

different types of illumination also influence the conductivity of the samples (Sahoo 

et al., 2021). The conductivity is influenced by the movement of hole which can be 

understood by visualization of the conversion of two Ni+2 ions into Ni+3 to each Ni 

vacancy site. During the conversion of Ni+3 it is not stable and changes to another site 

from one Ni+2 site. Suitable methods of appropriate doping for substitutional doping 

help to achieve optimum conductivity (Bashir et al., 2019). The carrier concentration 

was calculated from the Hall measurement and found to be 1.246x1020, 3.341x1020, 

6.112x1020 and 4.231x1020 cm-3 for NiO, 2Cu:NiO, 4Cu:NiO and 6Cu:NiO 

respectively. 
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Table 4.3. The maximum J-values of Undoped and Cu-doped NiO under different 

illumination 

 

 

Fig. 4.9. J-V characteristics of a) NiO, b) 2Cu:NiO, c) 4Cu:NiO and d) 6Cu:NiO 

under the dark, light, UV and IR illumination  

Samples Dark Condition Visible Light U-V Light IR light 

 Maximum J (mA-cm-2) 

NiO 0.6x10-3 0.7 x10-3 1.3 x10-3 1.4 x10-3 

2Cu:NiO 0.5 x10-3 1.2 x10-3 1.0 x10-3 1.4 x10-3 

4Cu:NiO 0.5 x10-3 0.6 x10-3 1.7 x10-3 2.6 x10-3 

6Cu:NiO 2.2 x10-3 2.3 x10-3 2.6 x10-3 2.8 x10-3 
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4.3.5. XPS measurement 

XPS measurement was carried out for the analysis of the oxidation states of the 

samples. It also confirms the chemical composition of the samples. The high-resolution 

Ni 2p XPS spectra of undoped and Cu-doped NiO thin films are presented in fig. 4.10. 

(c & d). The Ni+2 standard Ni-O octahedral bonding in cubic NiO is confirmed by the 

peak situated at 852.70 eV (Sato et al., 2016b). The Ni+3 ion or nickel hydroxides are 

induced by Ni+2 vacancy depicted at the 854.4 eV peaks. The broad peak located at 860 

eV represents the shake-up process in the NiO structure (S. H. Wang et al., 2019). 

Among the four consequent peaks at 852 eV, 854 eV, 860 eV, and 870 eV respectively, 

the presence of the first two peaks Ni+2 and Ni+3 corresponds to Ni 2p3/2 (B. Zhao et 

al., 2009). The peaks at 860 eV and 878 eV confirm the co-existence of Ni+2 and Ni+3
. 

Ni 2p1/2 is represented by the peak at 860 eV (Sahoo et al., 2021). 

Fig. 4.10. (a & b) represents the O 1s XPS spectra. There are two distinct peaks 

located at 528 eV and 530 eV which indicates the lattice oxygen (O- Ni+2) and metal 

deficient induced dangling oxygen (O- Ni+3) (M. Feng et al., 2020b). 

Fig. 4.10. (e & f) show XPS spectra of Cu 2p which confirms the incorporation 

of Cu2+ successfully into the NiO lattice. two shake-up satellite peaks at 940 eV and 

961 eV and two main peaks at 932 eV and 952 eV are present. The evidence of the 

replacement of Ni+2 in NiO lattice in its divalent state is given by the peaks located at 

932 eV and 952 eV, which corresponds to Cu 2p3/2 and Cu 2p1/2 respectively (Li et al., 

2017b; Martin et al., 2013). 
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Fig. 4.10.  O 1s states of a) Undoped and b) Cu:NiO, Ni 2p XPS Spectra of c) 

undoped NiO and d) Cu doped NiO Ni 2p3/2 XPS spectra e) undoped NiO and f) Cu 

doped NiO 
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4.4. Conclusion 

 Thin films of NiO and Cu doped NiO with different molar percentages were 

synthesized successfully by simple and low-cost spin coating method. The band gap 

was affected by Cu doping and was found to decrease with the increasing doping 

concentration. The doping concentration also influenced the electrical property of the 

NiO thin films as the J-value increased with the increase in the Cu doping 

concentration. The structural property was also affected by the doping and there was 

change in size of the crystal with the change in doping concentration. The observed 

optical and electrical properties of the NiO and Cu doped NiO thin films in this work 

suggests that the NiO thin film can be employed as HTL in PSCs as a good candidate. 

The Cu-doping may have a good effect in increasing the PCE of the PSCs. 
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CHAPTER 5 

SYNTHESIS AND CHARACTERIZATION OF PEROVSKITE LAYERS, 

COMPLETE DEVICE FABRICATION OF PSCS 

INTRODUCTION 

The limitation in an increase in the efficiency of Si-based solar cells was 

overcome by the Pb-based solar cells. The toxicity of lead did not permit for the 

largescale commercialization and the need for the replacement of the Pb is seen to be 

urgent. The Pb was almost replaced by Sn with a higher efficiency of up to 33.41% 

even though stability remains the problem (Fatema & Arefin, 2022). For stable 

perovskite, the alternative to Sn-based a very unstable perovskite, researchers started 

concentrating on the stable double perovskite. Shifting from single perovskite to 

double perovskite effort has been made to retain the 3D structure of perovskite as 

intact, combination of monovalent and trivalent cation was applied in ordered B-site 

within ABX3 replacing the Pb2+ forming the double perovskite with the formula 

A2B
3+B+X6. Cu+, Ag+, Bi3+, Ab3+ and In3+ are some of the combinations of +1 and +3 

ions having suitable electronic configurations. They are stable in ambient conditions. 

The theoretical and experimental possibility of the synthesis of double perovskites had 

also been done by Volonakis and others (Volonakis et al., 2016). Fu synthesized 

Cs2AgBiCl6 and showed good stability in ambient conditions. The bandgap was found 

between 2.3-2.5 eV. He suggested that tuning the band gap will facilitate more 

photovoltaic applications (Fu, 2019). Filip et al., (2016) studied the electronic 

properties of Cs2AgBiBr6 experimentally and theoretically (Filip et al., 2016). Gruel 

et al., (2017) did extraordinary work by synthesizing the DP by solution method and 

preparing a thin film by spin coating on the pre-heated substrate followed by the 

annealing. The observed PCE was 2% (Greul et al., 2017). The DP materials are in the 

infancy stage of research. These materials seem to be promising for future alternatives 

to solar cell candidates. The DPs also possess some defects. The stability of the cell is 

quite good in comparison to Sn-based cells, and more studies had been done to 

improve the stability (Wu et al., 2018). The performance of the cell was also affected 

by hysteresis. Pantaler et al., (2018) employed multi-step method for synthesis of the 
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Perovskite layer making it very compact over the mesoporous TiO2 Oxide (Pantaler et 

al., n.d., 2018). Previously used HTL spiro-OMeTAD was replaced by PTTA and 

obtained a PCE of 1.26% without hysteresis (Fu, 2019). Gao et al., (2018) applied an 

inverted planar structure, with improved smooth morphology using anti-solvent 

dropping and annealing got a PEC of 2.23% (Gao et al., 2018). The work on 

Cs2AgBiBr6 has been already mentioned earlier. The comparative study has been 

represented in table 5.1. 

In this work, we have synthesized Cs2AgBiBr6 as double perovskites from the 

solution method. The ETL (ZnO np) is the same for all the devices but the HTL, NiO 

is doped with Cu with varied molar concentrations for observing the doping effect on 

the PEC of the prepared PSC device. 

5. Experimental 

5.1. Materials  

BiBr3 (≥ 98%), DMSO anhydrous (99.9%), AgBr (99.999%), CsBr (99.999%), 

H3PO2, FTO (2.3mm, ~7ohm/sq.cm) substrate, were purchased from Sigma Aldrich 

and Filter paper, ethanol, Zinc dust, HCl were purchased from Hi-media. These 

chemicals were used as purchased without any further purification. 

5.2. Methodology 

Synthesis of Cs2AgBiBr6 

At first 268 mg of BiBr3, 254 mg of CsBr and 112.8 mg of AgBr were dissolved 

in dimethyl sulfoxide (1 mL, DMSO, anhydrous). It took a few minutes to dissolve 

completely and once the solution got ready, both substrates and the precursor solution 

were preheated to 75 0C prior to the spin coating. 100 μL of the solution was spin-

coated above the HTL layer at 2000 rpm for 30 s. The sample was then kept for 

annealing at the optimum temperature of 285 0C for 5 min under normal condition. In 

this way the formation of desired perovskite took place.  
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Fig. 5.1. Cs2AgBiBr6 Solution 

5.3. Results and discussions 

5.3.1. Structural properties 

 Fig. 5.2. show the XRD pattern of the A) Cs2AgBiBr6 The planes 

corresponding to diffraction peaks are indexed as (111), (200), (220), (222), (400), 

(422) and (440) which confirms the cubic crystalline structure of Cs2AgBiBr6 when 

matched with the ICDD card no. 01-084-8698. No other peaks are present in the graph 

indicates that the purity of the sample. It belongs to the Fm-3m (225) space group. 
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Fig. 5.2. XRD graph of Cs2AgBiBr6 

5.3.2. Optical properties 

 

Fig. 5.3. Absorbance of Cs2AgBiBr6 
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Optical properties are a very essential part in the study of solar cell materials. 

The absorbance of Cs2AgBiBr6 is presented in fig. 5.3. The optical band gaps were 

calculated using Tauc’s plot method (fig. 5.4.) and found to be 2.18 eV for 

Cs2BiAgBr6. This result matches with some of the reported values (Volonakis et al., 

2017). Although there are many discrepancies in the band gap values, it has been 

suggested that the different methods employed for the synthesis of double perovskite 

might have led to the various values of the band gap (Filip et al., 2016). Band gap 

tuning is also a very good way to device optimization and increasing device efficiency. 

 

Fig. 5.4. Tauc's Plot showing the band gap of Cs2AgBiBr6 

5.3.3. Morphological Properties 

FESEM and EDX 

 The surface morphology is studied with the help of FESEM images. Fig. 5.5. 

shows the surface image of Cs2AgBiBr6. The crystalline structure is formed uniformly 

without any cracks. The elemental composition was also studied with the help of the 

EDX graph. The presence of Cs, Ag, Bi and Br are clearly shown in the graph (fig. 

5.6).  
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Fig. 5.5 FESEM image of Cs2AgBiBr6 

 

Fig. 5.6. EDX graph of Cs2AgBiBr6 

 

 

 



57 
 

5.4. Device Fabrication 

 The FTO substrates were patterned by applying Zinc dust and HCl (3 M) for 5 

minutes on masked FTO and then washed ultrasonically in DI water, Acetone DI water 

and IPA for 15 minutes each. The cleaned glass substrates were dried at 900 C for 2 h. 

For preparing PSCs, four substrates were coated with NiO, 2Cu:NiO, 4Cu:NiO and 

6Cu:NiO for the purpose of HTL.  

 

Fig. 5.7. Synthesis of Perovskite layer 

These NiO and Cu:NiO coated substrates were coated with Cs2AgBiBr6. Then DP 

was coated above those HTL. After that, all the sets of devices were coated with the 

ZnO np above the Perovskite layer and dried. At last, the silver paste was applied 

above the ZnO layer in a patterned way for making the Ohmic contact as an electrode. 

There were four devices prepared in p-i-n structure, namely  

a) FTO/NiO/Cs2AgBiBr6/ZnO np/Ag 

b) FTO/2Cu:NiO/Cs2AgBiBr6/ZnO np/Ag 

c) FTO/4Cu:NiO/Cs2AgBiBr6/ZnO np/Ag 

d) FTO/6Cu:NiO/Cs2AgBiBr6/ZnO np/Ag 

 

 

The graphical abstract of the designed devices has been shown in fig. 5.8. Fig. 

5.9. shows the patterned FTO substrates prepared by using masking tape. Fig. 5.10. 

shows the solar simulator used in our work and fig. 5.11. is the complete PSC device 

from the top view. The brown line on the top is the Ag layer for ohmic contact. 
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Fig. 5.8. PSC p-i-n device architecture a) NiO/Cs2AgBiBr6/ZnO, b) 

2Cu:NiO/Cs2AgBiBr6/ZnO, c) 4Cu:NiO/Cs2AgBiBr6/ZnO and d) 

6Cu:NiO/Cs2AgBiBr6/ZnO 

 

 

Fig. 5.9. Patterned FTO glass (ZnO dust and HCl) 
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Fig. 5.10. Solar Simulator 

 

Fig. 5.11. Prepared PSCs 

 

 



60 
 

5.5. Electrical properties and PCE calculation 

The prepared devices were measured in an ambient condition using a portable 

Solar Simulator from Peccell Technology, model PEC -L01 with class AAA 

(uniformity ≤±2%). It was calibrated with the NREL-standard Silicon-based reference 

cell to provide simulated AM 1.5 sunlight with an irradiance of 100 mW cm-2 (1 sun). 

Keithley 2401 source meter was used to measure the current-voltage characteristics of 

the prepared devices. 

Four probe was connected with a golden 3M pin to connect with the electrodes 

of the devices. The graphs obtained from the measurement were analysed using the 

Peccell IV curve analyser Software attached along with the solar simulator. The results 

obtained from the graph is tabulated in the table 5.1. 

 

Fig. 5.12. J-V characteristics of PSCs 

For the measurement of PCE, the important components to be taken care of are 

Isc, Voc, Im, Vm and FF. Isc is short-circuit current also known as photocurrent, 

measured when the solar cell is not connected to any other circuit, Voc is open circuit 

voltage, measured when the solar cell is not connected to any external circuit. Im and 

Vm is the maximum current and the maximum voltage produced by the solar cell when 

the circuit is closed. The maximum power is given by 
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 𝑷𝒎𝒂𝒙 = 𝑽𝒎𝑰𝒎  …5.1. 

The FF fill factor is the ratio of power generated to the power of the incident 

photon. The value of FF varies from 0-1. A value nearer to 1 is considered to be good. 

The expression for FF is given below. 

𝑭𝑭 =
𝑽𝒎∗𝑰𝒎

𝑽𝒐𝒄∗𝑰𝒔𝒄
  … 5.2. 

The Power Conversion Efficiency of the PSCs can be calculated using the 

below equation. 

𝑷𝑪𝑬 =
𝑷𝒈𝒆𝒏𝒆𝒓𝒂𝒕𝒆𝒅

𝑷𝒑𝒉𝒐𝒕𝒐𝒏
=

𝑽𝒐𝒄∗𝑭𝑭

𝑷𝒑𝒉𝒐𝒕𝒐𝒏
 … 5.3. 

Table 5.1. Voc, Isc, FF and PEC of the prepared PSC devices 

  Voc Isc FF PEC (%) 

a) FTO/NiO/Cs2AgBiBr6/ZnO np/Ag 0.73 2.0 0.38 0.56 

b) FTO/2Cu:NiO/Cs2AgBiBr6/ZnO np/Ag 0.76 2.13 0.38 0.62 

c) FTO/4Cu:NiO/Cs2AgBiBr6/ZnO np/Ag 0.87 2.74 0.49 1.18 

d) FTO/6Cu:NiO/Cs2AgBiBr6/ZnO np/Ag 0.93 2.9 0.46 1.24 

 

5.6. Conclusion. 

Lead-free double perovskite Cs2AgBiBr6 were synthesized in ambient 

condition successfully and its structure was confirmed by the XRD data. The 

uniformity of the perovskite layer was analysed with the help of FESEM images and 

its elemental composition was confirmed by EDX graph. Four PSCs based on Pb-free 

based double perovskites, p-i-n configured were fabricated with NiO and Cu doped 

NiO as HTL with ZnO np is common ETL for all the PSC devices. The highest 

efficiency was achieved by the FTO/6Cu:NiO/Cs2AgBiBr6/ZnO np/Ag PSC of 1.24%. 

The successful fabrication of Pb-free PSCs makes DPs a promising candidate for solar 

cells.  
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CHAPTER 6 

SUMMARY AND CONCLUSION 

The motive of this work is to synthesize and characterize the lead-free 

perovskite for photovoltaic application. The demand for renewable sources of energy 

is very high. So, the alternative to conventional sources of energy is in the pathway of 

research. Si-based solar cells reached the highest limit, so more efficiency cannot be 

achieved further. The efficiency of Si-based solar cells is exceeded by the Pb-based 

Perovskite Solar Cells. The toxicity of the Pb forbid the commercialization of Pb-based 

Solar Cells. Pb was replaced mainly by Sn and achieved a comparable high efficiency, 

but the stability of Sn created the problem. The Sn-based PSCs were very unstable. 

So, the stable, highly efficient and low-cost PSC is in demand. 

The research is going on many types of perovskite materials. Although all the 

pristine perovskite materials are not applicable in the photovoltaic application, their 

band gap is tuned by doping with other elements to be used in photovoltaic 

applications. Many reports have shown that band gap tailoring has also increased the 

efficiency of the PSCs. The efficiency of the PSCs is influenced by many factors like 

charge transportation, interface mismatch, the thickness of the layer, synthesis route, 

drying and annealing temperature, environmental conditions, HTL, ETL, precursor 

materials and more. 

It is difficult to predict exactly at the initial stage of research the effects of the 

above factors on the efficiency of the PSC. All the factors act at the same time and the 

exact effect cannot be understood at the very first stage. For understanding the effects 

of various factors on the efficiency of the PSCs, different types of properties are 

studied under different conditions. 

In this work, simple FTO/HTL/Perovskite/ETL/Ag architecture following the 

p-i-n structure of the PSC was employed. For ETL, ZnO np were used for all the 

devices. The HTL is different for all four devices. NiO thin film had been employed 

as HTL with 2, 4 and 6 molar percentages of Cu doping. The improvement in 

efficiency due to various HTL and ETL have been reported widely. Even the doping 

into the ETL and HTL materials has also influenced the efficiency. In this work also, 
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the efficiency was affected by the Cu doping concentration into the NiO HTL. Doping 

of Cu into NiO influenced the carrier concentration resulting in a change in the 

efficiency of the PSCs. 

In chapter 1, the introduction to the perovskite material, its historical 

advancement and its very fast improvement in PCE has been elaborated. The trend in 

the change of perovskite material from Pb, Sn to the inorganic double perovskite has 

been briefed. 

In chapter 2, the details of the instruments used for characterization are given. 

The pictorial presentation helps to understand the components and workings of the 

instrument. Although it is very vast to go into in-depth knowledge of each of the 

instrument and characterization techniques, the basics of all the techniques required 

for this work have been tried to accommodate in a very short. 

In Chapter 3, the synthesis and characterization of ZnO np and ZnO nr are 

given. There are many routes for the synthesis of ZnO np. In this work, a solution-

based method using TMAH has been used. ZnO nr are grown hydrothermally on the 

ZnO thin film. The use of ZnO np and ZnO nr have affected the efficiency of the PSCs 

when used as the ETL. The purpose of the synthesis of ZnO nr and ZnO np is to employ 

them into the PSC as ETL. The ZnO np was easily dispersed above the perovskite 

layer as ETL in p-i-n structure but the ZnO nr could not be grown above the perovskite 

layer due to which ZnO nr were not employed as ETL in our work. The optical, 

structural, morphological and electrical properties of the ZnO were studied in this 

chapter. 

In Chapter 4, NiO Thin film was synthesized with 2, 4 and 6 molar % of Cu 

doping. The effect of doping on various properties has been studied by applying 

different characterization methods. The use of NiO as HTL has a positive influence on 

the efficiency of the PSC. 

In Chapter 5, the synthesis of Pb-free double perovskite Cs2AgBiBr6 was done. 

A confirmational report on its optical, morphological, and structural properties has 

been given in this chapter. The complete device fabrication with p-i-n structure with a 
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different doping concentration of Cu into NiO as HTL and fixed ZnO as ETL has been 

studied. The overall PCE is also calculated in this chapter. 

 

Major Outcomes of the research 

1) The sol-gel-spin-coating method is useful in the synthesis of ZnO np, ZnO nr 

and NiO and perovskite thin films. This method is low-cost and very facile 

though the exact thickness control is difficult. 

2) The structural property was studied with GIXRD, for all the synthesized 

material. It confirmed the crystal structure of the ZnO, NiO and perovskite.  

The Cu doping into NiO has shifted the 2 theta peaks and had an effect on the 

crystal size also. With the increase in doping concentration, the size had 

increased to 4% but decreased with 6% doping. 

3) The optical property was studied with UV-vis spectroscopy and PL 

spectroscopy. The absorbance and the transmittance were affected by the Cu 

doping into NiO. The effect of the increase in crystal size was observed in the 

red shift of the band gap. Transmittance was decreased with the Cu doping in 

NiO thin film and there was a decrease in the band gap also. So, the doping of 

Cu into NiO can tune the band gap. The defect states were also studied with 

PL. The PL intensity decreased with the increase in Cu doping concentration 

which was due to the increment in the particle size. 

4) The electrical properties were studied under different illumination for ZnO and 

NiO-based thin films and a solar simulator was used for the study of current-

voltage characteristics for PCE calculation of the prepared device. The sample 

was kept under dark, UV, Visible and IR lamps. The highest doping 

concentration under IR showed the maximum I-V behaviour. So, Cu doping 

has a good effect on electrical conductivity. The Hall measurement also 

showed an increase in carrier concentration with the increase in doping 

concentration. 

5) The FESEM images were studied to understand the surface morphology of the 

prepared thin films. Using ImageJ software, the particle sizes were also 
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calculated which can be compared with the crystal size calculated from the 

XRD. Most of all the films had smooth and uniform surface morphology. 

Although it is difficult to obtain high quality films from the spin coating device, 

the film was optimum. 

6) The XPS and EDX graphs were mainly used for the confirmation of the 

elemental composition of the prepared thin films. A little study from the XPS 

graph is done for the Cu doping into the NiO thin films and confirmed the Cu 

doping as well. 

7) At the end the complete device was characterized with I-V measurement and 

found increased PCE with the increased in Cu doping concentration. So, the 

highest PCE of 1.24% was observed with the 6Cu:NiO device. 

 

Future works 

This work only shows the possibility of device fabrication with the materials 

used. Now further improvement to increase the PCE of the Pb-free PSC can be 

extended in future works by the following methods. 

 Different parameters can be changed. 

 The synthesis methods can be improved. 

 The effect of doping on ETL also can be studied. 

 The HTL and ETL materials can also be replaced. 

 The band gap of the Perovskite can be tuned by doping. 
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SYNTHESIS AND CHARACTERIZATION OF LEAD-FREE 

PEROVSKITE FILMS FOR PHOTOVOLTAIC APPLICATIONS 

THESIS ABSTRACT 

The motive of this work is to synthesize and characterize the lead-free perovskite for 

photovoltaic application. The demand for renewable sources of energy is very high. So, the 

alternative to conventional sources of energy is in the pathway of research. Si-based solar cells 

reached the highest limit, so more efficiency cannot be achieved further. The efficiency of Si-

based solar cells is exceeded by the Pb-based Perovskite Solar cells. The toxicity of the Pb 

forbid the commercialization of Pb-based Solar Cells. Pb was replaced mainly by Sn and 

achieved a comparable high efficiency, but the stability of Sn created the problem. The Sn-

based PSCs were very unstable. So, the stable, highly efficient and low-cost PSC is in demand. 

The research is going into the many types of perovskite materials. Although all the 

pristine perovskite materials are not applicable in the photovoltaic application, their band gap 

is tuned by doping with other elements to be used in photovoltaic applications. Many reports 

have shown that band gap tailoring has also increased the efficiency of the PSCs. The efficiency 

of the PSCs is influenced by many factors like charge transportation, interface mismatch, the 

thickness of the layer, synthesis route, drying and annealing temperature, environmental 

conditions, HTL, ETL, precursor materials and more. 

It is difficult to predict exactly at the initial stage of research the effects of the above 

factors on the efficiency of the PSC. All the factors act at the same time and the exact effect 

cannot be understood at the very first stage. For understanding the effects of various factors on 

the efficiency of the PSCs, different types of properties are studied under different conditions. 

In this work, simple FTO/HTL/Perovskite/ETL/Ag architecture following the p-i-n 

structure of the PSC was employed. For ETL, ZnO np were used for all the devices. The HTL 

is different for all four devices. NiO thin film had been employed as HTL with 2, 4 and 6 molar 

% of Cu doping. The improvement in efficiency due to various HTL and ETL have been 

reported widely. Even the doping into the ETL and HTL materials has also influenced the 

efficiency. In this work also, the efficiency was affected by the Cu doping concentration into 

the NiO HTL. Doping of Cu into NiO influenced the carrier concentration resulting in a change 

in the efficiency of the PSCs. 
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In chapter 1, the introduction to the perovskite material, its historical advancement and 

its very fast improvement in PCE has been elaborated. The trend in the change of perovskite 

material from Pb, Sn to the inorganic double perovskite has been briefed. 

In chapter 2, the details of the instruments used for characterization are given. The 

pictorial presentation helps to understand the components and working of the instrument. 

Although it is very vast to go into in-depth knowledge of each of the instrument and 

characterization techniques, the basics of all the techniques required for this work have been 

tried to accommodate in a very short. 

In Chapter 3, the synthesis and characterization of ZnO np and ZnO nr are given. There 

are many routes for the synthesis of ZnO np. In this work, a solution-based method using 

TMAH has been used. ZnO nr are grown hydrothermally on the ZnO thin film. The use of ZnO 

np and ZnO nr have affected the efficiency of the PSCs when used as the ETL. The purpose of 

the synthesis of ZnO nr and ZnO np is to employ them into the PSC as ETL. The ZnO np was 

easily dispersed above the perovskite layer as ETL in p-i-n structure but the ZnO nr could not 

be grown above the perovskite layer due to which ZnO nr were not employed as ETL in our 

work. The optical, structural, morphological and electrical properties of the ZnO were studied 

in this chapter. 

In Chapter 4, NiO Thin film was synthesized with 2, 4 and 6 molar % of Cu doping. 

The effect of doping on various properties has been studied by applying different 

characterization methods. The use of NiO as HTL has a positive influence on the efficiency of 

the PSC. 

In Chapter 5, the synthesis of Pb-free double perovskite Cs2AgBiBr6 was done. A 

confirmational report on its optical, morphological, and structural properties has been given in 

this chapter. The complete device fabrication with p-i-n structure with a different doping 

concentration of Cu into NiO as HTL and fixed ZnO as ETL has been studied. The overall PCE 

is also calculated in this chapter. 

Chapter 6 summarizes all the findings conclusively with the extended works for the 

future. 
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The overall findings from this work are summarized below. 

The sol-gel-spin-coating method is useful in the synthesis of ZnO np, ZnO nr and NiO 

and perovskite thin films. This method is low-cost and very facile but the exact thickness 

control is difficult. 

The structural property was studied with GIXRD, for all the synthesized material. It 

confirmed the crystal structure of the ZnO, NiO and perovskite.  The Cu doping into NiO has 

shifted the 2 theta peaks and had an effect on the crystal size also. With the increase in doping 

concentration, the size had increased to 4% but decreased with 6% doping. 

The optical property was studied with UV-vis spectroscopy and PL spectroscopy. The 

absorbance and the transmittance were affected by the Cu doping into NiO. The effect on the 

increase in crystal size was observed in the red shift of the band gap. Transmittance was 

decreased with the Cu doping in NiO thin film and there was decrease in the band gap also. So, 

the doping of Cu into NiO can tune the band gap. The defect states were also studied with PL. 

The PL intensity decreased with the increase in Cu doping concentration which was due to the 

increment in the particle size. 

The electrical properties were studied under different illumination for ZnO and NiO-

based thin films and a solar simulator was used for the study of Current-voltage characteristics 

for PCE calculation of the prepared device. The sample was kept under dark, UV, Visible and 

IR lamps. The highest doping concentration under IR showed the maximum I-V behaviour. So, 

Cu doping has a good effect on electrical conductivity. The Hall measurement also showed an 

increase in carrier concentration with the increase in doping concentration. 

The FESEM images were studied to understand the surface morphology of the prepared 

thin films. Using ImageJ software, the particle sizes were also calculated which can be 

compared with the crystal size calculated from the XRD. Most of all the films had smooth and 

uniform film. Although it is difficult to obtain high quality films from the spin coating device, 

the film was optimum. 

The XPS and EDX graphs were mainly used for the confirmation of the elemental 

composition of the prepared thin films. A little study from the XPS graph is done for the Cu 

doping into the NiO thin films and confirmed the Cu doping as well. 
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In the end, the completed device was characterized with I-V measurement and found 

increased PCE with the increase in Cu doping concentration. So, the highest efficiency of 1.24 

% was observed with the 6Cu:NiO device. 

This work only shows the possibility of device fabrication with the materials used. Now 

further improvement to increase the PCE of the Pb-free PSC can be extended in future works 

by the following methods. 

Different parameters can be changed, the synthesis methods can be improved, the effect 

of doping on ETL also can be studied the HTL and ETL materials can also be replaced, and 

the band gap of the Perovskite can be tuned by doping. 
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