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Abstract 

          Whilst different methodologies have been used to grow perovskite materials, still, there are 

demands to develop commercial approach techniques that could alleviate the problem associated with 

the various phases formed within the perovskite material, which may cause of its crystallographic 

instability. Therefore, the research study was aimed to assist in moving towards this objective by 

developing novel methods for the deposition of perovskite thin films (CH3NH3PbI3 = MAPbI3) that are 

scalable and industry-acceptable. It was also aimed to focus, along with the scalable process, on an 

atomic scale of processing to deposit materials with ATM (Atom to Matter), where the defect density 

within the films are minimised. In view of that, different CVD deposition methods to deposit MAPbI3 

thin films were proposed in this study, including Radio Frequency-Plasma Enhanced Chemical 

Vapour Deposition (RF-PECVD) and Atmospheric-Pressure Chemical Vapour Deposition (APCVD).  

        The first proof-of-concept was demonstrated to obtain perovskite films with a tetragonal crystal 

structure by a PECVD process that was not reported till date. This achievement is encouraging as the 

PECVD process is fully scalable and already available technology in the industries. The growth was 

subsequently successfully achieved by using carbon, nitrogen and hydrogen radicals that were 

contained a gas such as methane (CH4) and ammonia (NH3). A prior deposition of PbI2 thin films by 

either spin-coating or thermal evaporating was implemented previously before they were exposed to 

the organic molecules in the plasma state that was formed by RF power via a PECVD technique. The 

effect of the variation of PECVD growth parameters (such as substrate temperature, RF power density 

and chamber pressure) on the properties of the films deposited was critically analysed. The conditions 

that yielded the best quality material achieved from this study were at substrate temperature of 100 ℃ 

and under low power density (22 mW/cm
2
) and high chamber pressure (1000 mtorr).  An attempt was 

made to understand the properties of the resultant films, in terms of the physical, optical and electrical 

properties, which led to develop and provide appropriate explanations of the possible growth 

mechanisms.  

        Considering the cost with the use of the scalable process that any an industrial technique would 

prefer, a modified non-vacuum CVD system was additionally demonstrated in this work to deposit 

MAPbI3 films at atmospheric pressure, hence the name APCVD. The growth of the MAPbI3 films was 

controlled based on the concentration of the precursor and the temperature. The lower concentration of 

the molecules passing over the substrate enhanced the crystallographic stability, where the in-situ 

cubic structure was achieved.  With the use of this novel design of the reactor specifically for the 

deposition of MAPbI3 perovskite films; excellent stability of these films at room temperature without 

care of storage for more than two months in an open atmosphere provided an alternative approach to 

obtain the stable MAPbI3 perovskite film. In addition to the low temperature and lower concentration 
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of the precursor used for the fabrication of a novel design of the reactor to grow films with the bottom-

up approach (i.e. atom by atom or molecules), this study was successful in fabricating a proof-of-

concept solar cell using this method for the first time. The obtained perovskite material has 

significantly contributed to understanding of the crystallographic stability issues reported in the 

photovoltaics which are incorporated with the perovskite materials over the last recent years. 
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Chapter 1                      CHAPTER 1.  Thesis Synopsis 

 

 

“The modern age is already fossilized at heart, built on discards and relics. It has no real future. We a 

living in a fossil economy.” 

Hermann Scheer, The Solar Economy (2002) 

 

 

1.1 Introduction 

The demand for energy is significantly increasing with the soaring global population and the strong 

economic growth, especially in some countries such as India and China [1]. Moreover, the energy 

consumption is estimated to increase from 169 PWh in 2015 to 216 PWh in 2040 [1]. Despite the fact 

that renewable energy is considered to be the fastest growth energy source, a high percentage (77%) of 

energy is still estimated to be produced by the conventional methods; fossil fuel based until 2040 [1]. 

These conventional energy sources tend to vanish in a near future and a major source of the emission 

of carbon dioxide, which is seriously affecting the environment and the planet, so the search for 

alternative sources to produce sufficient energy has become a paramount concern for all nations.  

Renewable energy is a tropical research subject for the scientific community. The solar energy is one 

of the available renewable energy choices, owing to the possibility to obtain a long-term, sustainable 

and reliable source of carbon-free energy from the sun. The amount of solar radiation received by our 

planet in a year is 1.5 x 10
18

 kWh while the rate of energy consumed is about 10,000 times smaller [2], 

[3]. This means that the solar energy is the perfect alternative because it is much higher than the 

consumed conventional energy in the entire world, therefore, it can fulfil the world demand for energy 

[4].   

Photovoltaic solar cells are effectively used to convert the solar energy to electricity. The development 

of solar cells has shown a great deal of attention by many scientific researchers to improve conversion 

efficiency, stability, reduce the cost, in addition to ease of fabrication of the cells.    
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1.2 Evolution and Market Evaluation of Photovoltaic (PV) Technology 

The first PV device was discovered in 1839 by Edmond Becquerel; when he covered two electrodes 

(platinum) with silver bromide in a conductive acidic solution (electrolyte), an electrical current was 

generated by exposing these electrodes to light [5]. The word 'photovoltaic' was first used in 1883 

when Charles Fritts developed a solar cell using selenium sandwiched between two gold metal sheets 

[6]. The photovoltaic effect as a method of generating electricity had not immediately become 

widespread until the selenium was replaced by alternative materials. In the modern age, the usage of 

the photovoltaic effect re-emerged in 1941. When Russell Ohl was investigating diode technologies, 

he unexpectedly found that the connection of p-type and n-type semiconductor materials led to the 

voltage produced across the p-n junction when exposed to light [7]. In 1954, the first silicon p-n 

junction photovoltaic cell was demonstrated at Bell laboratories by Chapin, Fuller and Pearson which 

had an efficiency of 6% [8]. Then, a further 4% had been achieved [9]. In the early 1960s, the major 

use of the application of photovoltaic cells was in space for satellites that led to significant interest by 

the governments [10]. This resulted in motivating technological improvements and efficiency, and as a 

result, crystalline silicon solar cells (c-Si-SCs) performances increased by more than 26% [11]. Such 

interest and motivation also promoted the development of new types of devices called thin film 

photovoltaics such as the Gallium Arsenide (GaAs), Cadmium Telluride (CdTe) and Copper Indium 

Gallium Selenide (CIGS) heterojunction thin film photovoltaic cells. Other technologies which 

included the utilisation of polycrystalline silicon and amorphous silicon had emerged in the 1980s [9], 

[12]. Although these had the advantage of cheaper manufacturing costs, their performance was inferior 

to that of the single crystal silicon device which is still commonly used till today.        

The present record efficiencies of single-junction solar cells from different technologies can be 

depicted in Table 1-1. These are evaluated and measured under standard test conditions (STC), which 

allows a better comparison among various PV systems. This comparison is dependent on the 

efficiency variation which has been characterised on the basis of the device area. 
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Table 1-1: The highest confirmed efficiencies with regard to single-junction solar cells for different 

absorber materials measured under the global AM1.5 spectrum (1000 Wm
-2

) at 25
o
C. Abbreviations: 

aperture area (ap), designated illumination area (da), total area (t), Fraunhfer-Institut für solare 

Energiesysteme (FhG-ISE), Institute for Solar Energy Research, Hamelin (ISFH), National Renewable 

Energy Laboratory (NREL), Japanese National Institute of Advanced Industrial Science and Technology 

(AIST).   

 

Classification 

 

Efficiency 

(%) 

 

Area 

 (cm
2
) 

 

Test 

centre 

 

Date 

 

Ref. 

GaAs (thin film) 29.1± 0.6 0.998 (ap) FhG-ISE (10/18) [13] 

CdTe (thin film) 22.1± 0.5 0.4798 (da) Newport (11/15) [13] 

ClGs (thin film) 22.9± 0.5 1.041 (da) AIST (11/17) [14] 

Si (crystalline cell) 26.1± 0.3 3.0857 (da) ISFH (02/18) [11] 

Si (multi-crystalline cell) 22.0± 0.4 245.83 (t) FhG-ISE (09/17) [15] 

Perovskite (thin film) 24.2± 0.8 0.0955 (ap) Newport (01/19) [16] 

Organic (thin film) 16.4± 0.2 0.0413 (da) NREL (05/19) [17] 

Organic (thin film) 16.4± 0.4 0.0394 (da) Newport (03/18) [18] 

        

 

Although GaAs solar cells have gained the highest efficiency as exhibited in Table 1.1, they were 

exclusively used in space applications due to expensive production costs. The crystalline silicon (c-Si) 

based PV technologies, on the other hand, have been predominantly and generally used as shown in 

Figure 1-1. In 2018, the total consumed energy from PV technologies exceeded 100GW [19]. 97% of 

the modules installed in 2018 were manufactured of c-Si due to its stability, non-toxicity and 

abundance, while thin film modules covered only 3% of the total solar cell market. The used materials 

in the manufacture of these thin film solar cells are mainly dominated by cadmium telluride (CdTe) 

and copper indium selenium (CIS) [19]. Moreover, from the 97% of c-Si solar cell coverage, 92% was 

fabricated using p-type c-Si while the remaining (5%) was covered by n-type c-Si.  
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Figure  1-1: The total global shipment of PV modules in 2018 [19]. 

 

The current issues in silicon technology regarding the production costs have significantly limited the 

manufacture of c-Si based solar cells. Hence, the potential now is to produce low cost alternatives with 

competitive efficiency to the conventional solar cells. This has motivated a large number of 

researches. Some laboratory-based work demonstrated solar cells with comparable efficiency to the 

silicon solar cells, however, the stability of their performance and efficiency has not yet achieved 

which have made them commercially unsuccessful. Therefore, more attention towards thin film 

photovoltaic solar cells is required to enhance and optimise their stability. 

 

1.3 The Motivation for the Choice of Perovskite Solar Cells (PSCs) 

As a new family within the third-generation solar cells, methylammonium lead tri-halide perovskites 

cells are considered to be one of the most rapidly growing sectors in the development of the solar cell 

technology. Figure 1-2 presents the word record device efficiencies for different PV technologies 

during the period from the mid of 1970s until 2019s. The most efficient solar cells are held by a multi-

junction device built from several III-V semiconductors; as high as 47.1% [20]. Due to the fact that 

single junction PSCs have been only developed recently, their assessment has been undergone for few 

years; since 2012. Moreover, despite their recent invention, the PSCs efficiency has been rapidly 

increased to 24.2± 0.8 % by 2019 comparing to their original efficiency which was 3.8% [16]. The 

current PSCs efficiency is comparable to the efficiency of silicon single junction solar cells, which 

typically reached an efficiency of 26.1± 0.3% after 60 years of research, as shown in Table 1-1 and 

Figure 1-2 [16], [21], [22]. Additionally, PSCs are easier and cheaper to fabricate on a laboratory 

scale. However, they may encounter some challenges when are produced on an industrial scale. These 

issues requires the use of tailored engineering to commercial manufacturing [23]. 
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Figure  1-2: National Renewable Energy Laboratory (NREL) chart showing the efficiencies of 

currently researched solar cells versus the year [20]. Perovskite solar cells (yellow circle with red 

boundary) have increased efficiencies by a substantial amount in a relatively short space of time, 

and now have a certified efficiency of 24.2% (as of July 2019). 
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Despite the high efficiency, the working principles of PSCs are still to be entirely understood. As some 

progress has been made over time regarding understanding the mechanism of PSCs, the stability of 

their operation should be improved. The relatively poor stability has to be addressed to enhance the 

PSCs lifetime for several years [24]. Indeed, there are two sources of stability issues; (1) extrinsic 

factors which affect the perovskite stability when exposed to the environment consisting of humidity, 

elevated temperature and E-M radiation degradation radiation, and (2) intrinsic sources which 

influence the stability of crystallographic structure of perovskite thin film which could be formed as a 

consequence of manufacturing techniques that led to changes in the material crystallinity and 

morphology. A number of fabrication techniques may render some amorphous structures or 

inhomogeneity in the material which results in high defect density, leading to such stability issues. 

Currently, in the published literature, the perovskite films have been mostly deposited by spin coating, 

doctor blade, wire wound, inkjet printing, thermal evaporation, dip coating, and chemical vapour 

deposition (CVD). However, in most of these processes, a lot of materials are 

squirted/printed/dropped/spreaded/pressed which do not provide an adequate amount of time for the 

atoms and/or molecules to organise and bond with other atoms with minimal or no defects causing 

imperfect crystals. Additionally, few of these processes require a further annealing process to improve 

the crystallinity and minimise the defects. Is it really required to add more steps (process, etc) to 

obtain a film with larger defects by using such techniques? Moreover, it is believed that the existence 

of defects (e.g. point, line, plane defects and/or mixture of cubic and tetragonal phases) within the 

structure of  perovskite material are more likely to be the elementary source of the intrinsic instability 

for this material, in which the crystallographic structure is significantly degraded when exposed to the 

environment. In addition, the aforementioned issues would strongly have a bad impact on the grain’s 

shape and size as well as the surface area of the perovskite crystal, as a result, the material’s key 

properties; such as carrier lifetime and the diffusion length, would be affected. Hence, the PV device’s 

efficiency and stability are also influenced. Such a solar cell stability issue; particularly that of 

crystallographic instability, in perovskite material provides a clear direction as to the original 

assessment of solar cells and efforts to overcome these limitations are ongoing in this ever-growing 

research field. Hence, it is required to design thin film deposition techniques to obtain a film with a 

minimal defect density that may result in a more stable material which would be an ideal step towards 

the commercialisation of perovskite solar cells. In a nutshell, it can be seen that the field is still in its 

infancy stages and there are a number of issues to be understood before these materials can really be 

considered by the manufacturing industries.  
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1.4 Research Aim and Objectives 

This research is aimed to develop novel methods for the deposition of perovskite thin films 

(CH3NH3PbI3 = MAPbI3) by utilising scalable and industry-accepted techniques. It is believed that if a 

process is designed to provide an adequate amount of time and energy required for the atoms and/or 

molecules to be bonded in a perfect structure, a stable crystal lattice with a minimum defect-density 

(ideally zero; which is not possible) would be formed. Therefore, this work was also aimed to focus, 

along with scalable process, on an atomic scale of processing to deposit material with ATM (Atom to 

Matter). In such process, it is always required to deposit films or grow any material with the control of 

precursor with one atom resolution to contribute in enhancing the crystallographic stability of as-

deposited perovskite films. This process is similar to ALD (Atomic Layer Deposition), where the 

materials are obtained with the least defect in the films. In view of that, different CVD deposition 

methods to deposit MAPbI3 thin films were proposed in this research, including Radio Frequency-

Plasma Enhanced Chemical Vapour Deposition (RF-PECVD) and Atmospheric-Pressure Chemical 

Vapour Deposition (APCVD). As the obtained perovskite material (CH3NH3PbI3) has a significant 

contribution to the understanding of the stability issues reported in the next generation photovoltaics 

that incorporates perovskite materials over the recent years. 

The first synthesis approach is achieved by two-step depositions; (1) the deposition of the inorganic 

part “lead iodide (PbI2)”, using two different techniques, and (2) a novel conversion process by 

utilising an industrial PECVD technique to deposit the organic part “methyl-ammonium (CH3NH3 = 

MA)” into PbI2 coated thin films to establish the high-quality light absorber layer (MAPbI3). 

Since the PbI2 thin film would be one of the main parts in the final material, its structural, 

morphological and optical properties were optimised. Firstly, two techniques were used to deposit 

PbI2 thin films; the spin coating and the thermal evaporation methods. The spin-coated films required 

a post-annealing step in order to evaporate the solvent accommodated within the lattice, where a 

variable parameter of annealing duration was studied. The structure, morphology and optical 

properties of annealed PbI2 films were investigated by X-ray diffraction (XRD), scanning electron 

microscope (SEM), atomic force microscope (AFM) and ultraviolet-visible-infrared (UV-VIS-IR) 

spectroscopy. The evaporated films were also characterised to investigate their crystallinity, 

morphology and optical properties. Secondly, the PbI2 layers were exposed into a gaseous mixture of 

methane and ammonia by means of RF-PECVD process. The emphasis is to investigate in detail and 

explain the growth dynamics and how the variation of PECVD growth parameters affect the structural, 

optical and electrical properties of the resultant films “perovskite” in a better and simple approach, 

which has not been established until now to the best of our knowledge.        
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PECVD process is an existing technique already in use by many PV research labs and commercial 

companies for the fabrication of various semiconductor devices including amorphous thin film silicon 

solar cells, polycrystalline silicon solar cells, and nanostructure solar cells as well as other 

semiconductor devices such as MOSFET, TFT, and memory. Subsequently, this can be easily utilised 

without the need of a new fabrication process and an expensive equipment to obtain the material withe 

high stability that can be achieved by reducing the bulk defects and shunting.       

In contrast to the non-plasma CVD methods, the PECVD approach is generally used to deposit a 

material at low-temperature (< 400℃). Basically, applying radio-frequency radiation can lead to the 

creation of unstable ion-molecules and passive-molecules of methane gas (CH3
+
, H, C2H5

+
, C𝑛H2𝑛+1

+
, 

e−
) and ammonia gas ( NH2

+
, H+

, H, e−
) [25]. It is worth mentioning that PECVD requires a thermal 

energy for PbI2 thin film. Therefore, under a certain temperature less than 400℃ these induced ions 

will diffuse into PbI2 thin film resulting in a quick chemical reaction. It is critical to select the 

appropriate temperature, as PbI2 will dissociate at that temperature. Heating the PbI2 thin film during 

the reaction could significantly influence the properties of the perovskite film such as its morphology 

and mechanical stresses (both tensile and compressive) within the film. It may also result in reducing 

the pinholes and defects which can lead to the improvement of the quality and stability of the 

perovskite layers. Moreover, the other benefits of PECVD technique include the control over 

stoichiometry (the compounds involved in a chemical reaction) and conformal substrate coverage. 

Hence, compared to other techniques that use more stable precursors including solid and liquid 

sources, the PECVD process could produce higher stability of perovskite layer.  

The second CVD deposition approach is motivated by the need to qualify one of the tents of CVD 

process which is the use of an infinite source to precisely control over the film thickness with 

providing a desirable stoichiometry. Considering the cost with the use of a scalable process, a non-

vacuum CVD process used to deposit perovskite material at atmospheric pressure (APCVD) is another 

motivation of selecting such deposition method.  A built-in-house atomiser has to be designed to work 

efficiently with the perovskite solution, in term of atomisation PbI2, MAI molecules along with 

molecules of the selected solvent simultaneously into the reactor. All precursors will interact with the 

surface of substrates inside the CVD reactor that are kept at an elevated temperature, where more 

energy is gained by the atom and further leading towards more controlled growth/deposition of the 

film. More attention paid in the deposition process/growth dynamic by controlling many parameters 

including the solution concentration, the growth temperatures, the molar concentration of the 

precursor, the surface of the substrate, the flow rate of a carrier gas. Due to this growth based on a fine 

droplet (mist) generation, two atomised methods were conducted in this thesis; bubbler and 

piezoelectric transducer. The objectives of using these atomisers are to:   
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 Study of two different physical mechanisms for the atomisation of liquid to form a mist of 

solvent (DMF) with the compound (PbI2 and MAI) dissolved in DMF. 

 Examine the factors that influence the generation of the droplets in both systems. 

 Develop a method to determine the optimal conditions at which the micro-droplets contains a 

desirable material. 

 Determine the necessary deposition conditions for the formation of CH3NH3PbI3 thin films. 

1.5 Organisation of Thesis 

This research was comprised of nine chapters, describing the historic development of perovskite 

materials and their relatively photovoltaic devices after which the theory of solar cells was presented. 

In addition, fabrication and characterisation methods as well as the critical analysis of the methods and 

results were discussed. 

 

Chapter 1 explained the aims and objectives of this research with a brief evolution and market 

evaluation of PV market. The motivation to select the perovskite material for the PV applications was 

also provided. 

 

Chapter 2 presented the historical background of perovskite materials. The evolution of the 

underlying structure of perovskite materials and phase transition were discussed. In addition, the 

outstanding optical and electrical properties of perovskite materials were introduced for understanding 

their ability to be an efficient absorber layer of photovoltaic devices.  The intrinsic perovskite stability 

affected by either crystallography structure or environmental conditions was also discussed.   

In Chapter 3, theoretical basic definitions of photovoltaic cell components, operation and working 

principle were explained in detail, while a particular emphasis was placed on perovskite solar cells 

(PSCs). Furthermore, the instability in PSC rising from their relative layers was discussed. 

 

In Chapter 4, the fabrication methods used for the synthesis CH3NH3PbI3 thin films in this work were 

explained including: spin-coating, thermal evaporation, plasma enhanced chemical vapour deposition 

(PECVD) and the two delivery systems used in an atmospheric- pressure chemical vapour deposition 

process (APCVD); bubbler and piezoelectric transducer.    

 

Chapter 5 explained the characterisation techniques used to investigate the crystallinity, morphology, 

optical and electrical properties of the prepared thin films. 
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Chapter 6 devoted to discuss the initial deposition step of perovskite material where PbI2 thin films 

deposited by two different methods; spin-coating and thermal evaporation techniques. The spin-coated 

films were subjected to a different annealing treatment. The attributes of these films were investigated 

and compared with the attributes of the evaporated film. 

 

In Chapter 7, the influence of the growth parameters of the PECVD process on the conversion of PbI2 

into perovskite phase was critically discussed. These varied parameters involve substrate temperature, 

RF-power and chamber pressure. 

 

In Chapter 8, a single-step deposition process APCVD was examined, which based on the 

atomisation concept of a liquid precursor into a droplet generation “mist”. A considerable emphasis 

was placed on the used atomiser systems. Two atomisers were studied in which different sources of 

energy applied to the liquid to compromise its stability, hence droplet would generate.   

 

Finally, in Chapter 9, the conclusion of this research was expressed concisely. Along with the 

conclusion; suggestions for the exploration and development of this work in future were mentioned. 
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In this chapter, the status of perovskite materials since its discovery has been presented in section 2.1. 

In section 2.2, the underlying structure evolution of perovskite material and phase transition has 

discussed. The formation of energy levels of the electronic configuration of perovskite materials is 

introduced before going on to their outstanding optical and electrical properties which make it suitable 

to be an efficient absorber layer for photovoltaic devices. Section 2.3 then describes the various 

deposition methods to obtain perovskite materials including advantages and disadvantages. Finally, 

section 2.4 focuses in greater details on the perovskite stability issues due to the intrinsic (crystal 

structure) and extrinsic (environmental conditions) factors.   

2.1 Perovskite Material History: 

The name “perovskite” was originally used to describe a mineral composed of calcium titanate 

(CaTiO3). This mineral was discovered in the Ural Mountains of Russia by the German mineralogist 

Gustav Rose in 1839 and Rose named the mineral ‘perovskite’ in honour of the Russian mineralogist 

Lev Perovskite [1]. Researchers now use the name “perovskite” to describe any crystals with a 

structure similar to that of CaTiO3; with typical structure of ABX3, where A and B represent 

monovalent and divalent metal cations respectively, while X is an anion (Figure  2-1).  

.

 

Figure  2-1:  ABX3 perovskite structure with X bonded to the A- ion and B-ion, thereby 

creating a three-dimensional cubic lattice. 
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Figure 2-1 illustrates the cubic structure of a conventional perovskite with ABX3 structure, where the 

A cation is placed in the cuboctahedral interstices with a corner-sharing octahedral BX6 unit [2]. A 

well-investigated class of perovskite materials are based on oxides (ABO3), which a exhibit variety of 

properties such as ferroelectric, dielectric and piezoelectric behaviours [3]. Halide perovskites are 

another sub-class of perovskite family that have attracted the attention of the PV community. In halide 

perovskite, A can be an organic or an inorganic cation, B is commonly lead (Pb) or tin (Sn), and X is a 

halide anion (X= iodide (I), bromide (Br), chloride (Cl)). In this thesis, more attention will be given to 

halide perovskite materials.  

Caesium lead trihalides (CsPbCl3, CsPbBr3 and CsPbI3) were the first known types of halide 

perovskite material that were synthesised from aqueous solution in 1893 by Wells [4]. The 

investigation of these materials (CsPbX3, X=I, Br, Cl) using X-ray crystallography was carried out by 

Moller in order to determine the arrangement of the atoms and confirmed the presence of the 

perovskite structure [5]. It was further discovered that CsPbCl3 exhibited a maximum spectral 

sensitivity in the violet region of visible spectrum (EM), while CsPbBr3 in the blue-to-green region 

and CsPbI3 in the red region [6]. After successful work on CsPbX3, Moller further carried out work on 

caesium tin trihalides (CsSnX3, where X = Cl, Br and I) [7]. Although CsSnX3 was earlier discovered 

in the 1920s, but it had not been   experimentally investigated on the structural and phase equilibrium 

until the late 1950s [8]. Synthesis method for CsSnX3 via aqueous solution obtained from the melts of 

anhydrous halides was developed by Scaife et al. [9], as this material was not affected by both oxygen 

and water. It was further reported that CsSbBr3 and CsSnI3 exhibited a tetragonal structure and 

orthorhombic structure when synthesised at low temperatures (12 ºC) respectively.  

Besides all-inorganic perovskites, a series of perovskite-materials were investigated, in which the A-

site cation is occupied by organic molecules to form an organic-inorganic perovskite family. The most 

basic organic cation used at the A site in perovskite structure is CH4
+
. In the early of 1960s, the 

organic cation was incorporated into the perovskite structure, in which methane CH4
+
 ion formed the 

A cation of the structure (CH4CdCl3) as reported by Wyckoff [10]. In view of this, formamidinium 

(NH2CH=NH2
+
) [11] and tris (dimethylammonium) (NH2(CH3)2)

+
 cations [12] were utilised at the A 

site of perovskite material. 

The organic group methylammonium (CH3NH3
+
, MA) was identified by Weber, which occupied the A 

site cation in the Sn based trihalide (CH3NH3SnX3) perovskites [13]. It was discovered that, the 

CH3NH3SnBrxI3-x (x = 0-3) possessed a cubic structure with unit cell parameters of a = 5.89Å (x=3), a 

= 6.01Å (x=2) and a = 6.24Å (x=0). Weber further discovered the organic Pb-based trihalide 

perovskites as promising materials for use in PV application. This material’s (CH3NH3PbX3 (X=Cl, Br 

and I)) unit cell parameters were identified to be a = 5.68Å (X = Cl), a = 5.92Å (X = Br) and a = 
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6.27Å (X = I) in its cubic form [14]. This material was earlier used in Light Emitting Diodes (LED) 

and Thin Film Transistors (TFT) by David Mitzi and his co-workers between 1990s to early 2000s 

[15]. In 2009, Myasaka reported for the first time their application in PV devices, fabricated using two 

perovskite compounds (CH3NH3PbI3 and CH3NH3PbBr3) [16]. 

 

2.2 Material Properties of Methylammonium lead tri-iodide (CH3NH3PbI3) perovskite  

2.2.1 Phase Transformations in the Crystal Structure 

Since the organic-inorganic halide-based perovskite material is more complicated than the inorganic 

semiconductor absorber materials such as silicon (Si), CdTe, and CIGS, understanding its crystal 

structure and the phase transitions due to the static and dynamic disorder are essential. This helps to 

understand the origin of their behaviour in PV performance. The distortions/rotation in the perovskite 

structure is strongly dependent on the inorganic components, i.e. the lead and halide atoms forming the 

‘BX6’ octahedral cage that serves as the dominant component. However, these components can cause 

a disorder orientation of the CH3NH3
+
 cation in the crystal structure as it resides in the interstitial site 

of the ‘BX6’ octahedral framework/network [17]. Four solid phases of CH3NH3PbI3 have been reported 

as a function of temperature, three of them perovskite-like (named as α, β, and γ) and the fourth one is 

δ-phase that refers to the non-perovskite structure [18]. The possible tilted perovskite structures can 

undergo a phase transition to a cubic-phase (α) at temperatures above 327 K [19]. For T < 327 K, a 

non-centrosymmetric tetragonal β-phase is formed with lattice parameters of a = 8.855 Å and c = 

12.659 Å [16].  Figure 2-2 shows the cubic (α) and tetragonal (β) phase of the CH3NH3PbI3 lattice; the 

transition from α- to β-phase shown in this Figure 2-2, occurs at 293 K with a PbI6 tilting angle of 

16.4. As a consequence of this tilting of the octahedral framework, the length of the unit cell is 

doubled [20]. The re-orientation of the CH3NH3
+
 cation, which is noticed in the α- and β-phase, could 

be the source of the ferroelectric phenomenon. Under an external electric field, a hysteresis behaviour 

seen in the current/voltage curves is corresponding to the organic cation re-orientation and the 

inorganic Pb-I lattice resistance [20, 21]. For T < 162 K, the phase transition of the perovskite 

structure to orthorhombic phase (γ) could be achieved. In this phase, the CH3NH3
+
 cations are ordered. 

As the phase transition from α to β and γ with decreasing temperatures, leads to an increase in the 

tilting angle as well as deformation effects [22]. Aforementioned transition phases occur in the solid 

form; however, the fourth phase transition (δ) can be formed in the presence of solvents [20]. 
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Figure  2-2: Lead halide perovskite lattice; (a) cubic-phase and (b) tetragonal-phase. A cations 

(CH3NH3) are red, X halide atoms are yellow and the M cation is located in the core of the grey 

octahedra (reprinted with permission [18]).  

2.2.2 Optical Energy Bandgap   

The cationic and anionic components of the common organometal halide perovskite (CH3NH3PbI3) are 

CH3NH3
+ 

(MA), Pb
+
 and I3

-
. The configuration of electrons in the outer orbitals of natural Lead (Pb) 

atom is 5d
10

6s
2
6p

2
, which shows four valence electrons; while two valence electrons are present in Pb

+
 

ion that is in perovskite material according to its outer orbital (5d
10

6s
2
6p

0
). Similarly, natural Iodine (I) 

has seven valence electrons in the outer orbital (4d
10

5s
2
5p

5
), while an extra valence electron is present 

in the I
-
 ion (anionic compound present in perovskite material) according to the configuration of 

electrons in its outer orbitals (4d
10

5s
2
5p

6
). Thus, the conduction band minimum (CBM) of 

CH3NH3PbI3 is composed of s-antibonding state of empty Pb 6p and I 5s orbitals, and the valence 

band maximum (VBM) is formed by the s-antibonding states of Pb 6s and I 5p [23-25]. As a result, 

direct band gap with an estimated value of energy ~1.5 eV is formed (Figure  2-3 a) [25- 27]. 

Therefore, perovskite material has a semiconducting property and is suitable for PV application [24], 

[28]. Due to its band gap of 1.55eV, semiconductor MAPbI3 should generate a photocurrent up to 27 

mA/cm
2 
[29]. 

There are numbers of simulated studies of the electronic structure of CH3NH3PbI3. It was discovered 

by Borriello et al. [30] that the organic cation’s function (MA=CH3NH3
+
) in defining the band 

structure, and in particular, the conduction and valence band orbitals was not significant, although it is 

important in establishing charge balancing within the lattice [23, 24, 31]. The outcomes from 

calculations demonstrated that the stability of the perovskite cage against distortion depended 

significantly on the embedded cation. Its electronic properties may be altered by affecting the B-X 

bond length, a feature that has been shown to be crucial in determining the bandgap [32]. However, 

the crystal lattice geometry can be affected by the organic cation size and its orientation that causes 

strain on the PbI6 octahedra, hence altering the band structure [33, 34].  As a consequence of a rapid 
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rotation of MA
+
 cation at room temperature [25, 35], a dynamic variation in the bandgap has been 

noticed. These resulted in the creation of an indirect transition positioned slightly below the direct 

band gap (Figure  2-3 b) [25]. Furthermore, in this diagram, strong absorption and long diffusion 

length can be linked to the existence of both direct and indirect bandgaps. Existence of indirect band 

gap, in the case of oriented MA
+
, has a benefit in having longer lifetimes since the exciton’s 

recombination will thermalise to the band edge. Meanwhile, the slightly higher energy of the direct 

band gap, in this case, will keep the strong absorption of the perovskite materials. 

 

Figure  2-3: The CH3NH3PbI3 band structure calculated by density functional theory for varied 

orientation of the CH3NH3
+
 cation along (a) [111] direction forming direct band gap and (b) 

[011] direction forming indirect band gap (reprinted with permission [25]). 

Tuning the bandgap to increase the absorption wavelengths region is essential in order to enhance the 

performance of solar cells. Recent studies have revealed that halide perovskites (AMX3) offer the 

possibility of tuning the bandgap by varying the combination of all of the cationic and anionic 

components [36, 37]. Two ways were proposed by researchers to alter the perovskite bandgap. Geng et 

al. [38] showed that the organic cation can control the bandgap of the inorganic cage M-X-M by 

changing their bond lengths and bond angles. For instance, by using formamidinium HC(NH2)2
+
, a 

noticeable reduction in the bandgap of about 0.07 eV was observed [39]. The other way is to directly 

modify the dimensions of the inorganic cage that modifies the M – X bond length [40]. This process 

can be understood as aforementioned, that the CBM and the VBM) is formed by PbI6 cage, in case of 

CH3NH3PbI3. Therefore, the replacement of the big Pb
2+

 atoms with small Sn
2+

 atoms leads to a 

reduction in the bandgap from 1.55 eV to 1.17 eV by changing the VBM and CBM positions [41]. 

Moreover, a reduction of band gap value can be obtained by manipulating the halide as Eperon et al. 

reported [42]. They compared the bandgap values between a mixture of halides (FAPbIX Br3-x) and 

FAPbI3 and found that a change in value from 2.23 eV (FAPbI3) to 1.48 eV (FAPbIX Br3-x) observed 

[42]. The schematic energy level diagram for different perovskite materials is shown in Figure  2-4. 
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Figure  2-4: Comparing the VB and CB of perovskite materials, titania and various metals. 

 

2.2.3 Balanced charge-generating, transporting and collection behaviour 

Justifying the organic-inorganic halide perovskite materials’ optical and electrical properties are 

essential, to determine their suitability as candidates for fabrication of high efficiency PV devices. 

Although the perovskite film has absorption coefficient lower than many polymers (fullerene blends 

used in organic solar cells [43]), it is significantly higher than traditional inorganic semiconductors in 

the visible light region such as crystalline silicon [44] and GaAs [45] (Figure  2-5). Therefore, 

ultrathin layer of organic-inorganic halide perovskite material (~500-600 nm) is sufficient to 

effectively absorb the incident photons, leading to the reduction in used material and low-cost of 

production.  

 

Figure  2-5: Absorption coefficient of different PV materials at rang of wavelengths (reprinted 

with permission from [44], [45]).  
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Strong optical absorption of CH3NH3PbI3 is one of perovskite’s outstanding properties [46]. Thus, the 

photoexcitation may lead to the generation of exciton (electrons and holes pair (e-h)) under 

illumination that are electrostatically bonded with an estimated value of binding energy (EB < 5 meV) 

for tetragonal phase and is about ~15 meV for orthorhombic phase at room temperature [47], [48]. 

Since the thermal energy (26 meV) at room temperature is higher than the exciton binding energy (EB) 

in perovskite materials, excitonic nature/type in CH3NH3PbI3 is classified to be Wannier-Mott 

mechanism with a large exciton radius [47, 48]. This small binding energy of the excitons can be 

expected to free charges in picoseconds when exposed to light [49, 50]. 

Once the generation of electrons and holes has taken place under ambient sunlight, they have ability to 

move along the perovskite thickness because of the extremely low non-radiative recombination rates, 

which is in tens of micro-second timescales [51]. This property contributes to the high open circuit 

voltage (VOC) measured in perovskite solar cells [52]. However, in the case of radiative recombination 

of the excitons, carriers can be led to emitting photons causing Photoluminescence (PL) of the 

perovskite material. The PL peak emission of CH3NH3PbI3 has been found to be at ~770 nm [46]. 

Carrier mobility is another important parameter for electrical performance of PV device. Such 

perovskites (CH3NH3PbI3 and CH3NH3PbI3-xClx) have free charge carrier mobilities in the range of 10-

20 cm
2
V

-1
s

-1 
[50, 53], which is several times (3-4 orders of magnitude) higher compared to typical 

organic semiconductors (fullerene derivative [6,6]-phenyl-C₆₁-butyric acid methyl ester (PCBM)), 

where the mobility is of the order of 10
-3

 cm
2
V

-1
s

-1 
[54, 55]. Thus, long electron-hole diffusion lengths 

have been measured of the order of 1 micrometer in the mixed halide perovskite (CH3NH3PbI(3-x)Cl(x)), 

and hundreds of nanometers in iodide based perovskites [46, 56- 58]. This increased diffusion lengths 

in the mixed halide perovskites may be attributed to changes in the film morphology. Likewise, single 

crystal CH3NH3PbI3 grows with good long-range ordering compared to polycrystalline CH3NH3PbI3 

films. Therefore, single-crystal CH3NH3PbI3 possesses sharp band-edge absorption, high carrier 

mobility, longer lifetimes and long diffusion lengths (> 175 um) that is higher than that of 

polycrystalline films, as a result of lower density of trap states [59, 60]. In the case of the 

polycrystalline form, it mostly contains point defects (these determine n-type or p-type behaviour) or 

grain boundary defects (trap states, recombination centres) [59].  

In addition to the properties of perovskite materials mentioned above, they also exhibit ambipolar 

carrier transport characteristics, meaning that the material behaves as light harvesting and transporting 

layer for both electrons and holes [61]. High ambipolar performance of perovskite was clearly 

observed when it was exposed to light, demonstrating balanced electron and hole mobilities and 

diffusion lengths [46, 50, 62, 63]. As a result, the degradation in fill factor (FF) and PCE would be 
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significantly minimized/reduced [43]. Due to this unique intrinsic property of perovskite, it can be 

used in all types of PSCs architectures (see section 3.2.3) [64, 65]. 

However, the deposition process of perovskite materials is critical to their electrical, optical and 

physical properties, since carrier separation, transport and recombination rates depend on the 

morphology, thickness, crystallinity and crystallite size of the perovskite layer, in order to obtain high 

PV performance [66, 67]. Different deposition methods can produce different quality of perovskite 

materials as explained in the following section.  

2.3 Preparation methods of perovskite material 

To date, there are number of deposition techniques established (Figure  2-6) by which the quality and 

properties of perovskite thin films were altered in order to produce a highly crystalline and uniform 

films. The film thickness has to be thick enough to maximise the absorption of incident photons and 

thin enough for the fast collection of the generated charges with less trap-defects and large grain size. 

Solution-based deposition methods and vapour-based deposition methods are considered and details of 

these methods, their advantages and disadvantages are summarised in the next sections.  

 

Figure  2-6: Different methods of synthesis techniques for perovskite materials. 

 

2.3.1 Solution-based deposition techniques 

Among various approaches, solution-based methods are widely used for the deposition of perovskite 

thin films because of its cost-effectiveness and simplicity. However, it is difficult to produce thin film 

Perovskite Synthesis 

 Process 

Solution-based process Vapour-based process 

Single-step Two-step 
PVD CVD 

Gas-Solid 

reaction 

Gas-Solid 

reaction 
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in the large scale using this method. In addition, the partial surface coverage of coated films leads to 

the existence of defects in the film. As a result, the formation of pinholes within the film facilitates the 

connection between HTL and ETL that could lead to high charge recombination. Therefore, a 

significant reduction in the device performance is observed because of decrease in fill factor and open-

circuit voltage [68]. 

A number of solution processing techniques have been developed for the deposition of halide 

perovskites, such as doctor-blade coating [69], slot-die coating [70], spraying [71], spin coating [66], 

and inkjet printing [72].  

 

2.3.1.1 Conventional Solution Techniques 

Spin coating is a commonly used solution technique at laboratory scale, which can be mainly divided 

into two broad categories: one-step and two-step depositions. In one-step deposition, the precursor 

solution is prepared by blending the organic and inorganic solute materials and dissolving them in 

polar aprotic solvent such as N,N-dimethylformamide (DMF) [73], gamma-butyrolactone (GBL) [74], 

or dimethyl sulfoxide (DMSO) [75]. After the film is coated on the substrate, annealing step is 

required for inducing the crystallisation of the film and evaporation of the residual solvent. This step is 

usually done under N2 atmosphere at 70-110 ºC and the duration ranges from minutes to a few hours. 

However, it can be reduced to few seconds by utilising NIR radiation [76] and to a fraction of second 

via photonic flash-annealing [77].  Conversely, deposition of PbX2 and MAX has been suggested in a 

two-step process obtained by the following procedure: initially, PbI2 thin film is deposited after 

dissolving in DMF solution, followed by deposition of a 2-propanol solution of CH3NH3I over the PbI2 

film. The second step is usually performed by various methods: dipping the PbI2 thin film into IPA 

solution of MAI [78], spin-coating the MAI solution on top of the PbI2 thin film [79], or exposing the 

PbI2 thin film to MAI vapour [80]. The prepared perovskite layers by different thin film 

methodologies results in different thin film morphologies as shown in Figure  2-7.  
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Figure  2-7: Top-view of prepared perovskite film deposited by different methods: a) one-step 

deposition, b) two-step deposition by dipping technique, c) two-step deposition by spin-coating 

technique, d) two-step deposition by vapour assisted (reprinted with permission from [81], [82], 

[83]). 

Despite the simplicity of the aforementioned deposition methods, it is hard to control the 

crystallization process that leads to inhomogeneity in the material, surface roughness and partial 

conversion to perovskite. Hence, reproducibility is difficult, and the device performance decreases. 

Therefore, numerous modifications on solution processing techniques have been proposed to control 

the crystallisation kinetics. 

2.3.1.2 Solvent-Engineering methods 

In order to enhance the perovskite crystallinity, two solvent-engineering methods have been reported, 

including: (1) additive-containing perovskite precursor solution and (2) anti-solvent additive 

treatment. Number of chemical additives have been adopted to control film morphology such as 

hydroiodic acid (HI) [84], hydrochloric acid (HCl) [85], 1,8-diiodooctane (DIO) [86], 5-

ammoniumvaleric iodide (5-AVA) [87], N-cyclohexyl-2 pyrrolidone (CHP) [88], and deionized water 

(DI-H2O) [89- 91]. These additives resulted in improving the uniformity of films since they enhance 

the material solubility in the solvent [84]. 

a b 

c 



 CHAPTER 2.   Structure, Optical and Electrical Properties of Perovskite 

 

23 

 

In another approach, to control the perovskite crystallisation rate, an anti-solvent treatment step is 

employed. The function of the anti-solvent additive is to remove the residual solvent during the 

formation of an intermediate phase leading to improvement in the film uniformity and the solar cell 

performance [92]. In this study, CH3NH3Pb(I3-xBrx) was formed by dissolving the precursors in a 

mixture of two solvents DMSO and GBL, and the anti-solvent treatment step was done by employing 

toluene dripping during the spinning of the precursor. The results obtained from this research, 

encouraged more uses of anti-solvent treatment on different architectures of perovskite solar cells such 

as planar structures [74, 93], and mesoscopic TiO2/perovskite [94].  

The selection of anti-solvent is critical, since it influences the rate of nucleation and crystal growth 

[95]. Therefore, a reduction in the Gibbs energy during crystal formation is enforced by this treatment. 

The influence of three different anti-solvents including Chlorobenzene (CB), Dichloromethane 

(DCM), and Toluene (TL), on the morphology of the bromide-based perovskite (CH3NH3PbBr3) thin 

films was examined. Under the same deposition conditions, TL resulted in a higher crystalline, denser, 

smoother, pinhole-free film when compared to the other anti-solvents (CB and DCM) even without 

being subjected to post-annealing treatment. It is worth mentioning that the organic-inorganic hybrid 

perovskite has hydrophilic nature. Therefore, the nonpolar solvents lead to a reduction in its solubility 

forming a supersaturated condition. Due to TL having a higher non-polarity than the others, rapid 

homogeneous nucleation was occurred and thus resulted in the formation of higher quality films with 

full surface coverage [95]. 

2.3.1.3 Solvent-Solvent Extraction (SSE)  

Another solution processing strategy have been utilised in order to improve the crystallinity of 

perovskite film deposited by a conventional one-step spin-coating process at room temperature, which 

is known as solvent-solvent extraction (SSE) [96]. Such method provides a superior crystallisation of 

ultra-uniform films with controllable thickness without the need for a post-annealing step. The SSE 

process can be realised as follows: a spin-coated perovskite thin film is prepared from an equimolar 

solution of PbI2 and MAI in N-Methyl-2-pyrrolidone (NMP) and then they were immediately immersed 

in a bath of diethyl ether (C2H5OC2H5: boiling point 35 ºC) at room-temperature for 2 minutes. The 

perovskite planar solar cells deposited by SSE method achieved an average PCE of 10.1% [96]. 

Despite the improvements in the crystallinity and high efficiency of these solution methods, there are 

limitations to scale-up, since a preparation of full-coverage, pin-hole free and phase-pure perovskite 

thin film by spin-coating technique on large area substrates, still remains a challenge. The vapour-

based deposition technique is a promising alternative that can provide opportunity to scaling-up of 

perovskite thin film solar cells.    
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2.3.2 Vapour-based deposition techniques 

Perovskite material is also deposited by a vapour-deposition technique. This technique emerges as the 

preferred route since it has several predominant advantages over solution-processing, in which 

extremely uniform film with ordered perovskite crystallites can be formed due to the much slower gas-

phase intercalation reaction rate [97]. In the meantime, the vapour deposition parameters including 

pressure, temperature, and the evaporation rate can be easily controlled, as these help to control the 

crystal structure and the film morphology along with improving the reproducibility.  

2.3.2.1 Physical-Vapour-Deposition (PVD) 

2.3.2.1.a Single-Step Evaporation Process 

Several vapour-based methods have been reported to synthesise perovskite material. High-vacuum 

thermal vapour-based deposition was firstly reported by Snaith et al. [98]. Dual-source thermal 

evaporator was employed to co-evaporate the powder of CH3NH3I and PbCl2 for the formation of thin 

film of CH3NH3I3-xClx. The experiment was carried out inside a glovebox under N2 gas environment. 

CH3NH3I and PbCl2 co-evaporated over c-TiO2 coated FTO glass at 120 
º
C for the former and 350 

º
C 

for the latter at the same vacuum pressure of 10
-5 

mbar. The deposited perovskite films were then 

subjected to annealing process in order to enhance the film crystallinity, where a high uniform 

perovskite thin films with pinhole-free and nanometer-sized crystalline structure was obtained [98]. 

However, there is a stoichiometric problem with MAPbI3 thin films due to the poor control of MAI 

deposition rate. To overcome this problem, a sequential layer-by-layer evaporation deposition was 

proposed [99]. 

2.3.2.1.b Two-Step Evaporation Process 

This method is similar to the process of two-step solution deposition, where inorganic film (e.g. PbCl2) 

and organic film (e.g. MAI) are thermally deposited onto the substrates sequentially. The substrate 

temperature in this method is crucial to the performance of the device. Solar cell based on perovskite 

film deposited at 75 ºC has been shown to have the best performance.  

Since then, Yang et al. proposed a modification on the sequential evaporation process in which a 

layer-by-layer deposition of PbCl2 and CH3NH3I were performed alternatively [100]. This provides 

films with superior uniformity, full surface coverage and high crystalline purity phase. Solar cell 

performance based on this method showed a PCE of 16.03%. Meanwhile, by increasing the active 

layer area from 0.1 cm
2
 to 1 cm

2
, the device achieved a PCE of 13.87%.  
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Perovskite solar cell of PCE 17.6% was fabricated by Hsiao et al. where all-vacuum deposition 

technique of the materials was employed [101]. During the sequential evaporation, the partial pressure 

of the organic halide of perovskite material was varied between 10
-3

-10
-5

 torr for 2 hours at 75 ºC 

substrate temperature. Under the vapour pressure of 10
-4

 torr, smooth surface and high crystalline thin 

films with grain/crystallite sizes up to microns were obtained. However, the incomplete transformation 

into perovskite phase was noticed at low vapour pressure of 10
-5

 torr, indicating that longer reaction 

times (20 h) were required.  

In summary, the films obtained by thermal evaporation show high-quality, pin-hole free film but, 

high-cost of equipment and energy consumption led to increased fabrication cost of perovskite solar 

cells [102].  

2.3.2.1.c Vapour-Assisted-Solution-Process (VASP) 

In contrast to the aforementioned PVD methods that require high vacuum systems, perovskite thin 

film can also be deposited under atmospheric condition or low vacuum (~10
-2

 torr). Vapour-Assisted-

Solution-Process (VASP) technique is considered as a combination method in which the perovskite 

material can be prepared by the interaction between gas-solid (G-S) phases. Thus, this technique 

combines the advantages of vapour-deposition and solution-process, which prevents the existence of 

solvation intermediate phases (MAPbI3-DMF) at the G-S interface as observed in the solution-based 

processes. The VASP is in-situ G-S interaction process, where the PbI2 film is deposited by spin-

coating and then subsequently treated with the MAI vapour in-situ. [83]. To encourage the G-S 

crystallisation, the PbI2 films were annealed/kept at 150 ºC in N2 atmosphere during the interaction 

with MA vapour. The reaction time is 2 hours for the conversion of 200 nm PbI2 thin film into 

perovskite (CH3NH3PbI3), with a resultant perovskite film thickness of ~350 nm. This planar solar cell 

yielded an efficiency of 12.1%. This method was further explored by studying the effect of different 

substrate temperatures and deposition time on the growth mechanism [103, 104]. Nevertheless, this 

approach (VASP) requires controlled atmosphere e.g. N2 gas filled glove box, which make it 

inappropriate for mass production.  

In short, PVD techniques either require high vacuum conditions as in co-evaporation and sequential 

thermal evaporation or inert ambience as is required in the vapour assisted deposition system, which 

will lead to their increased cost. Therefore, researchers developed another vapour-based deposition 

strategy that can yield good film quality under robust conditions as well as improving the device 

performance in order to be competitive with the solar cells fabricated by both solution and PVD 

methods [105].  
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2.3.2.2 Chemical-Vapour-Deposition (CVD) 

CVD techniques are being widely used for the commercial deposition of various kinds of 

semiconductor materials [106- 108]. This technology supports large-scale module fabrication method. 

Moreover, well-controlled parameters of tubular CVD such as vapour-pressure, reaction temperature 

and flow rate of the carrier gas in a small quartz furnace, will provide more precise conditions for the 

growth of a various range of thin films with high reproducibility. There are several types of tubular 

CVD techniques, which can generally be categorised based on the growth process of perovskite 

performed via either gas-solid (G-S) reaction known as two-step CVD, or a so-called one step CVD 

where only gas-phase reaction take place. 

2.3.2.2.a Gas-Solid (G-S) CVD Reaction 

 Hybrid Chemical Vapour Deposition (HCVD) 

Tubular Hybrid Chemical Vapour Deposition (HCVD) technology was developed by independent 

groups for the production of perovskite thin films [109- 111]. HCVD is similar to VASP in which 

perovskite layer can be formed in combination of two methods, but also different from VASP in 

regard to the MAI feed process into the reaction site. In 2014, the first PSC was demonstrated with the 

use of HCVD with a PCE of 11.8% and stability up to 1100 h [112]. In this study, CH3NH3PbCl3 thin 

film was prepared by a two-step process, where PbCl2 was thermally evaporated, onto FTO glass 

substrates pre-coated with TiO2, at a high vacuum (~2.0x10
-6 

torr). This coated films and MAI powder 

were placed inside two separate hot zones in the furnace (MAI at 185 ºC and PbCl2 at 130 ºC). Once 

MAI vaporised, it was passed into reaction zone with carrier N2 gas. After 1 hour reaction duration, 

samples were subjected to a post-annealing process at 120
 º
C in air. Controlling the temperature for 

each zone is crucial for the perovskite film especially for its stability, since high temperatures of >170 

ºC does not form perovskite and low growth temperatures of >145 
º
C results in unstable film. The 

variation in temperature has a considerable effect on the MAI gas/solid diffusion rate into PbCl2 film, 

and is also affected by MAI gas pressure according to the relation [113]: 𝐷𝑔 ∝  𝑇3 2⁄ /𝑃, where Dg is 

the gas diffusion constant, T is growth temperature and P is gas pressure. Once the MAI gas reaches 

the PbCI2 thin film, it has to diffuse through the film (solid diffusion) to convert the metal halide into 

perovskite. This solid diffusion constant is determined according to the Arrhenius equation: 𝐷𝑆 ∝

 𝑒−𝐶 𝑘𝑇⁄ , where 𝐷𝑆 is the gas diffusion constant, C is a constant and k is Boltzmann’s constant [114]. It 

can be stated that gas and solid diffusion rates are increased with temperature owing to fast conversion 

into perovskite. In addition, the flow of hot gas towards the substrate increased the growth temperature 

up to 160-170
 º
C.  
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In 2016, a huge progress for PSCs based on HCVD method was introduced by Zheng at el. [115] 

achieving the highest PCE (18.9%) compared to other PSCs fabricated by vapour-based processes. 

High-quality perovskite films were produced under atmospheric pressure and high humidity of 60% 

by using homemade vapour-assisted deposition chamber. In this setup, a commercial heat gun was 

employed to generate a hot air flow that led to the formation MAI gas and then transferred onto PbI2 

substrates where the G-S reaction occurred. This proposed method offers cost advantage and low 

energy consumption. 

 Low–Pressure Chemical Vapour Deposition (LPCVD) 

LPCVD is broadly used in the commercial production of a-Si, Si3N4, SiO2, and ZnO thin films [107, 

108] and it was first proposed by Lu et al. to deposit perovskite material (MAPbI3) [97]. MAI powder 

and spin-coated PbI2 films were separately placed in zone A and B of the tubular furnace, respectively. 

After the reactor pumped down for 10 minutes, zone A and B were heated to 180 
o
C and 140 

o
C, 

respectively. After 100 min reaction duration, PbI2 thin films were fully converted into perovskite with 

surface homogeneity and good crystallinity. Thus, excellent optical properties were achieved such as 

strong absorption (9 - 10 x 10
4
 cm

-1
) and long carrier diffusion length [97]. 

One-zone LPCVD developed by another research group deposited perovskites in which both PbI2 

films and MAI powder were placed inside one zone [116]. Copper-graphite boat was used to hold the 

precursors inside the reactor, which was kept at 120 ºC and under 1 torr pressure to induce the 

reaction. The power conversion efficiencies were recorded for mesoscopic and planar architecture as 

14.99% and 15.37% respectively.  

However, both HCVD and LPCVD require transport of vaporised MAI over a considerable distance in 

the CVD reactor that may affect their reproducibility. Therefore, there is a need to propose another 

method that can overcome this obstacle.  

 In-situ Tubular CVD (ITCVD) 

ITCVD is a simple technique proposed to reduce the flow distance of MAI vapour during the 

deposition, where the PbI2 films are placed on top of MAI powder [109]. The tubular furnace is heated 

to 145 ºC to produce MAI vapour that reacts with hot PbI2 films for 120 minutes. A slow intercalating 

rate between MAI vapour and PbI2 results in the formation of uniform and fully converted perovskite 

films; hence efficiency of 12.2% is achieved based on planar-type PSC. Interestingly, this method is 

scalable for the production of high-quality perovskite films over large areas of 4cm x 4cm. 

Similar work was performed by Cui et al. to synthesise hybrid physical-chemical vapour deposition 

(HPCVD) based perovskites [117]. In a quartz tube, two placement configurations of PbI2 coated FTO 
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glass substrate and MAI powder were designed to adjust the vapour pressure of MAI: ‘face-to-face’ 

and ‘back-to-face’. In ‘face-to-face’ configuration, the PbI2 film faces MAI powder, while in ‘back-to-

face’ configuration; the FTO substrate faces MAI powder. In ‘back-to-face’, the PbI2 receives less 

pressure of MAI vapour leading to a lower reaction rate. Hence, more uniform perovskite film has 

been produced. Thus, an efficient PSC based on this method was fabricated with a PCE of 14.7% at a 

temperature of 82 ºC.   

High PCE of 16.2% for PSC was achieved by similar technology, called a Close Space Vapour 

Transport (CSVT) [118]. In an industrial technology, CSVT is well-established for low-cost, 

commercial-scale manufacturing of CdTe solar cells [119]. Perovskite modules on an active layer of 3 

cm x 3 cm with 13.8% efficiency were obtained by this method. 

2.3.2.2.b Gas-Phase CVD Reaction 

Controlling the stoichiometry of the organic and inorganic components of perovskite and the thermal 

stability of the organic compound are considered as the main concerns in the two-step CVD process. 

Therefore, using a single-step CVD under atmospheric pressure has a great potential for low-cost and 

scalable fabrication of PSC from a practical point of view. This technology can be categorised based 

on the phase of the precursors used as follows: one-step CVD process using solid precursors and one-

step CVD process using solution precursors.   

 Using solid precursors  

In this technique, only gas-phase reaction between the precursors is performed by using solid 

precursors in powder form, in which the formation of perovskite can be obtained by co-vaporising 

inorganic and organic powders. The mixture of vapours is then transferred by carrier gas (e.g. Argon 

(Ar) or Nitrogen (N2)) to the hot substrates, where the precursors are reacted. In one such method, 

CH3NH3PbI3 and CH3NH3PbI(3-x)Clx are formed by placing the powder precursors (PbI2/PbCl2 and 

MAI) in the hot zone (360 
º
C) inside the furnace, while the substrates are loaded in low temperature 

zone  [120]. Ar gas with a flow rate of 70 sccm was used for carrying the vapour to the reaction zone.  

Planar PSCs fabricated by this method achieved a PCE of 9.2% for an iodide-based device and 11.1% 

for a mixed halide (I-Cl) device. 

 Using liquid precursor  

Aerosol-Assisted One-step CVD (AACVD) is an alternative method that converts the solution 

precursor to aerosols by using a nebuliser and transports them to the reaction chamber by carrier gas 

(e.g. Ar or N2) at ambient pressure. Deposition of various semiconductors such as PbS [121], SnS 
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[122], Cs2SnI6 [123], and CU2ZnSnS4 [124] is performed by AACVD. O’Brien and his group 

fabricated perovskite material (MAPbBr3) using AACVD [125]. The diluted solution of mixed PbBr2 

and CH3NH3Br in DMF was initially heated at 60 ºC for 2 h and then nebulised using humidifier to 

generate the aerosol mist. This mist was transported to the preheated furnace by Ar gas (200 sccm) 

where the precursor thermally decomposed at 250 ºC.  The structure of the film was studied by powder 

XRD which confirmed the perovskite phase formation with a distinct peak at 14.77º and 29.98º 

corresponding to (100) and (200) planes, respectively. The films produced by this method have a 

uniform surface with good-quality crystallisation that is comparable to those prepared by high-vacuum 

CVD [102].  

Later, the first thin film deposition of (CH3NH3PbI3) using AACVD was reported by Palgrave [126]. 

Films deposited on the hot substrates (200 ºC) were successfully formed with large covering area of 

glass as well as TiO2 coated glass of 40 cm
2
 in area. Cubic structure of fresh CH3NH3PbI3 film was 

produced with lattice parameter of a = 6.2993 Å, however after few days of storage in a dry box, the 

structure transformed from cubic to tetragonal phase. Compositional uniformity of the formed films 

was detected by X-ray photoemission spectra which revealed that the ratio of Pb and I is 0.325 with 

3.5% difference from the theoretical Pb:I ratio.  

The effect of the AACVD deposition parameters such as reaction temperature, substrate placement 

position and the precursor delivery on the film characteristics was also investigated [127]. In order to 

form the mist, Vicks paediatric mini ultrasonic humidifier was employed. Hot CVD furnace was 

operated at 200 ºC, which resulted in a deposition of tetragonal perovskite films with poor surface 

coverage.  The lack in film uniformity was attributed to the temperature of the substrate (140 ºC) that 

was lower than the reactor wall, hence most of the material condensed on the sidewalls of the tube. To 

improve the quality of the surface coverage uniformity in complete cross-section, the deposition was 

performed at higher substrate temperature (275 ºC). The difference in the substrate temperature 

required in this study and the aforementioned work presented by Palgrave et al. [126] might be 

attributed to the different heating methods used. In the former study, the deposition was conducted in 

cold wall reactor by using a flat heated susceptor, in order to keep a constant heating at the substrate 

surface. Whereas in the latter study, hot wall furnace was used, hence the deposition took place on the 

substrates and wall as both are heated. The chemical reaction of PbI2 and MAI was not only 

temperature sensitive, but it was significantly affected by the distance from the gas inlet and the 

deposition area.  

Although the gas-phase perovskite growth process via AACVD technologies is scalable, simple and 

does not require an expensive vacuum equipment since it occurs under atmospheric pressure, so far, 
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however, no one has presented an efficient solar cell using this technique. Thus, further understanding 

and exploration of this growth method is required.  

In short, it can be stated that from the aforementioned tubular CVD technology, high-quality 

perovskite thin films can be produced with good controllability and versatility. Among the possible G-

phase and G-S reaction presented earlier, the poor quality of the resultant perovskite films in G-S 

phase reactions with incomplete conversion have been proved. This is due to the solution process of 

the underneath solid-phase PbI2, which can form colloidal aggregates and needle-shaped solvation 

intermediates influencing the S-G interaction during perovskite formation. 

2.4 Stability of the Perovskite Layer 

In the commercial solar cell community, three strict requirements need to be adhered to. These include 

PV efficiency, operational stability and the cost of manufacturing (material cost, fabrication method, 

and energy consumed). Perovskite solar cells (PSCs) have achieved the efficiency values similar to the 

one that are commercially established. In addition, such solar cells are considered a potential candidate 

for low-cost production since they can be fabricated with a low-temperature coating process by using 

inexpensive and abundant materials. Nevertheless, the limitation in such solar cells is poor stability, 

which makes it harder to be commercially established.  More emphasis on long-time operation is 

required to promote commercial availability, especially for up-scaling production and solar panels, to 

meet the installation and replacement costs. In this section, the stability of perovskite materials will be 

divided under two groups as follows:  

 Intrinsic perovskite layer stability 

 Extrinsic factors affecting perovskite layer stability. 

Herein, focus will be placed on the instability of the absorber layer of perovskite solar cells (PSCs) 

caused by intrinsic and extrinsic factors, however, the stability issues caused by other layers in PSCs 

that include the ETL, HTL and their electrodes will be explained in detail further on (in chapter 3).  

2.4.1 Intrinsic Perovskite Layer Stability 

There are four main aspects that influence the perovskite layer stability: crystallography structure, 

moisture/water, elevated temperatures and illumination. Since perovskite materials are formed from 

ionic compounds, the dominant parameter which determines the stability of the perovskite structure is 

the ionic radius. In other words, the energy of the lattice that arises from the arrangement of ionic 

particles in the lattice controls the crystal structure stability, which can be given by: 

                                           𝑬𝒍𝒂𝒕𝒕𝒊𝒄𝒆 =  𝑬𝒔𝒕𝒂𝒕𝒊𝒄 +  𝑬𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏𝒂𝒍                            (2. 1) 
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In ambient conditions, the lattice vibration in the semiconductor material is of a lower magnitude as 

compared to the static (𝐸𝑠𝑡𝑎𝑡𝑖𝑐 >> 𝐸𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙) and hence, it is considered to be negligible. Equation 

(2.1) can be rewritten as follows [128]:  

                        𝑬𝒍𝒂𝒕𝒕𝒊𝒄 =  𝑬𝒔𝒕𝒂𝒕𝒊𝒄 =  𝑬𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒔𝒕𝒂𝒕𝒊𝒄 +  𝑬𝒓𝒆𝒑𝒖𝒍𝒔𝒊𝒐𝒏 +  𝑬𝒐𝒕𝒉𝒆𝒓          (2. 2) 

In eq. (2.2), the prevalent energy that influences the lattice energy is the electrostatic energy by 70-

90% [128], which can be derived as: 

                                                                                       𝑬𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒔𝒕𝒂𝒕𝒊𝒄 =
𝑵𝑴𝒁+𝒁−𝒆𝟐

𝒓𝑨𝑩
                                                                    (2. 3) 

Where N is Avogadro’s number, M is the Madelung number, 𝑍+
 and  𝑍− are the cationic and anionic 

charges, e is the electron charge and 𝑟𝐴𝐵  the distance between cations and anions in the crystal 

structure according to their ionic radius. 

 In fact, having more stability in the crystal structure requires lower lattice energy. It is understood 

from the dissociation of the lattice energy that it can be determined by the ionic radius of the ionic 

compound present in the perovskite material. The geometrical structure between the ionic components 

is indicated by the Goldschmidt tolerance factor, where the size of the three ions is rigidly limited 

according to the tolerance factor [129] as follows:                                                

                                                                                                𝒕 =
𝒓𝑨+ 𝒓𝑿

√𝟐 (𝒓𝑩+ 𝒓𝑿)
                                                       (2. 4) 

 

In Formula (2.4), rA, rB and rX represent the ionic radii of A, B and X elements, respectively present in 

the perovskite structure. This formula applies to the empirical ionic radii at room temperature. In the 

majority of instances, various distortions in the perovskite structure are apparent when 0.75<t<1. 

While ideal and more stable cubic perovskite structures occasionally arise where the t-value is very 

close to unity (in the range between 0.95 and 1); other crystal structures such as, tetragonal, 

orthorhombic and rhombohedral have lower tolerance values and are slightly distorted [128]. 

Perovskites’ stability and physical properties are critically dependent on the parameters of these 

distortions, especially the parameters concerning their electronic, magnetic and dielectric properties. 

These properties are critically relevant in a large number of perovskite materials’ applications. 

As mentioned earlier, single and mixed-halide perovskite solar cells (PSCs) can be formed such as 

methylammonium lead iodide (CH3NH3PbI3) and methylammonium lead bromide (CH3NH3PbBr3) 

and mixed halide perovskites (CH3NH3PbA3-xBx, A and B = I, Br, Cl). In a mixed-halide, the 

substitution of big iodine atom with a small bromide atom in CH3NH3Pb(I1−xBrx)3 (x ≥ 0.2), results in a 

higher stability after exposure to higher-levels of humidity (55%) for 20 days at room temperature 
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[32]. A more stable perovskite structure presented in CH3NH3Pb(I1−xBrx)3, may be due to the structure 

phase transition from tetragonal phase to cubic phase that results in a reduction of the lattice constant 

(see section 2.2.1) [32].  

In this work, CH3NH3PbI3 = MAPbI3 perovskite material was used with a theoretical tolerance factor 

of 0.912, where 𝑟𝑃𝑏 = 1.03, 𝑟𝐼 = 2.20 𝑎𝑛𝑑 𝑟𝐶𝐻3𝑁𝐻3 = 1.80 Å. Although this value is within the range 

of the stable phase, the material still poses problems related to its stability. Therefore, study of the 

tolerance factor alone is not sufficient to depict the perovskite stability issues.  

Another important factor that can affect the stability of the perovskite material is the electronegativity 

difference between perovskite compounds, in particular, the metal cation and the halide anion, which 

may be given by: 

                                        ∆𝑬𝑵 =  
(𝝌𝑨−𝑿 + 𝝌𝑩−𝑿)

𝟐
                                         (2. 5) 

 

This relationship depicts the compound ionic bonding strength. If the degree of ionic bonding is high, 

the perovskite structure gains more stability. This should be considered while synthesising perovskite 

compounds [130, 131] 

2.4.2 Extrinsic Factors Affecting the Perovskite Stability 

Laboratory conditions influence reactivity of the perovskite. Niu et al. demonstrated four 

environmental conditions that lead to the perovskite degradation; moisture, oxygen, ultraviolet (UV) 

light and elevated temperature [132]. This work focusses on PSCs that use CH3NH3PbI3 as an absorber 

layer. This perovskite composition in equilibrium: 

                         PBI2 (S) + CH3NH3I (S) ⇌ CH3NH3PBI3 (S)                               (2. 6) 

 

This equilibrium can be reversible or irreversible, that means, CH3NH3PbI3 can be decomposed to PbI2 

and CH3NH3I at certain conditions, or in some other situations, the perovskite decomposes to form 

new compounds [133]. The equilibrium components (in equation (2. 6)) are affected by the moisture, 

oxygen and UV light owing to further decomposition (hydrolysis) as follows [133]: 

                    CH3NH3PBI3 (S) ⇌ PBI2 (S) + CH3NH3I (AQ)                   (2. 7) 

                    CH3NH3I (AQ) ⇌ CH3NH2 (AQ) + HI (AQ)                        (2. 8) 

                    4 HI (AQ) + O2 (G) ⇌ 2 I2 (AQ) + 2 H2O (L)                       (2. 9) 

                      2 HI (AQ) ⇌ H2 (G) + I2 (S)                                                     (2. 10) 
hγ 
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It can be noticed from the above chemical reactions between perovskite material and the 

environmental conditions that the instability arises from the fact that the perovskites themselves are 

sensitive to moisture, oxygen and UV light [134- 138]. Equation (2. 7) demonstrated that CH3NH3PbI3 

dissociates to PbI2 when exposed to moisture. The main concern at this stage is that PbI2 is soluble in 

water [139], which leads to PbI2 leakage risk and ecological hazards. Yang et al. reviewed the 

degradation rate of perovskite under exposure to different levels of humidity. The films that are 

introduced to 100% relative humidity environment, degrade faster in several hours, however at low 

level of humidity the degradation is slower. These experiments were carried out in dark atmosphere 

without illumination [139].  

All solar cells would work only when exposed to visible light, which is essential requirement for their 

operation, hence material is expected to be stable under light. Despite perovskite film showing a good 

stability in the dark condition [28], it degrades under illumination in the presence of oxygen [140]. 

Ultraviolet (UV) light also causes decomposition of perovskite (eq. (2. 10)) forming H2 and I2 [140]. 

In this scenario, the degradation mechanism under exposure to UV light and oxygen is as follows: 

electrons excited from valence band to conduction band caused by the absorption of the appropriate 

UV and visible photons, facilitates the reaction with oxygen, forming superoxide anion, which then 

reacts with MA cation and iodine, leading to CH3NH3PbI3 decomposition [140]. The lifetime and 

reproducibility of perovskite solar cells is reduced due to this decomposition [133]. Perovskite must be 

synthesised in inert gas atmosphere (glove box in N2 atmosphere) to avoid water and oxygen during 

the fabrication process [133, 139, 140].  

If perovskite material reacts with water, it gets decomposed within minutes [141]. A possible 

dissociation pathway has been suggested by Walsh et al. with regard to the iodide-based perovskites 

(MAPbI3) whenever it is present, as depicted in Figure  2-8 [142]. Within any closed system, and in 

accordance with the deposition procedure, some tiny residue of H2O shall result in the decomposition 

of the perovskite: (i) the H2O is saturated by hydrogen iodide (HI), alternatively (ii) the pressure of the 

vapour of CH3NH2 has attained a state of equilibrium. In the case of sufficient availability of water 

within the system, the whole perovskite may potentially decompose into PbI2. 
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Figure  2-8: A proposed pathway of the decomposition of hybrid halide perovskites (MAPbI3) 

when water is present (reprinted with permission [142]).  

 

In summary, in moist condition or under UV light, perovskites can decompose [65, 143] in absence of 

perfect encapsulation as well as with the existence of defects within the material. The number of 

defects within the device layers can be reduced efficiently by proposing appropriate materials, and 

deposition methods that may produce perovskite material and other layers used in solar cell such as 

ETL and HTL with a minimum defect density. 

Another essential factor affecting the stability of perovskite materials is elevated temperature. To get 

crystalline perovskite during the synthesis, perovskite film should be annealed, but it would degrade to 

its basic components at temperature >120 ºC [133]. At 300 ºC the perovskite decomposes to lead 

iodide, hydrogen iodide (HI), and CH3NH2 [141] as shown in equation (2. 11): 

 

                              CH3NH3PBI3  → PBI2 + CH3NH2↑ + HI↑                           (2. 7) 

 

Thermal energy affects the individual components of perovskite material, in particular CH3NH3PbI3 

and CH3NH3CI3 as reviewed by Dualeh et al. [144]. They explored the thermal properties of organic 

and inorganic components individually with the use of TGA instrument. The sublimation of the 

organic materials at temperatures between 200 and 350 ºC, whilst inorganic components (PbCl2 and 

PbI2) are still stable. This study has shown that the material is stable at temperatures up to 200 ºC 

[145]. Therefore, the thermal annealing of perovskite layer during the fabrication process should be at 

temperatures beyond 100 ºC [146]. 
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2.5 Summary 

In this chapter, the historical information relating to perovskites discovery and relative crystal 

structure have been provided. Further details have been given on the particular organic-inorganic 

halide-based perovskite materials providing their various structural phases that can be formed as a 

function of temperatures, as well as the outstanding optical and electrical properties that make these 

materials suitable for PV applications. This chapter also discussed the advantages and disadvantages 

of deposition routes that have been used for the synthesis of perovskite materials using two broad 

techniques: solution-based process and vapour-based process. An array of CVD methods were 

discussed that showed a simple, low-cost and scalable production, which opened the avenue towards 

industrial application of organic-inorganic perovskite solar cells. Finally, the stability issues related to 

perovskite layers caused by both intrinsic (structural) and extrinsic (environmental) factors were 

elaborated. In this chapter, a literature survey has been overviewed and illustrates different research 

outcomes, which suggests possible organic-inorganic halide perovskites material candidates as 

promising material for photovoltaic solar cell applications. However, in the following chapter, more 

details about perovskite solar cell (operation theory, characterisation and so on) will be discussed 

extensively. 
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Chapter 3 CHAPTER 3.     Photovoltaic cells of Perovskite                                                                                     

Physics of Photovoltaics, and The Perovskite Solar Cell’s Structure, Characterisation 

and stability 

 

3.1 Introduction 

In the 1990s, the first study of organic-inorganic halide perovskite material was used as an active layer 

in electronic devices as demonstrated by Mitzi et al. [1]. The first attempt of using this material in 

photovoltaic (PV) devices was demonstrated in 2009 with a power conversion efficiency (PCE) of 

3.8% and 3.1% for CH3NH3PbI3 and CH3NH3PbBr3 respectively [2]. A big breakthrough was achieved 

in 2012, when CH3NH3PbI3 was utilised in all solid-state mesoscopic solar cells, which was fabricated 

with a PCE exceeding 9% [3]. Meanwhile, meso-superstructured perovskite solar cells established a 

PCE of over 10% by utilising a layer of mesoporous Al2O3 scaffold [4].  

In this chapter, while a particular emphasis is given to Perovskite Solar Cells (PSCs) presented in 

section (3.3), the earlier section (in particular 3.2) introduces the fundamental properties of a desirable 

semiconductor absorber that could potentially be used for photovoltaic applications. In addition, the 

physical theory behind the operation of solar cells and their characterisation is given. Information in 

greater detail specific to the perovskite solar cells in different architectures is presented here. 

Instability in various kinds of PSC structures rising from their relative layers is also discussed. 

3.2 An Introduction to Photovoltaics 

3.2.1 Photovoltaic Cell Generation Process 

The term ‘Photo-Voltaic’ (PV) is derived from the Greek word ‘photo’, meaning ‘light’ and ‘voltaic’-

‘electricity’, which was named after the scientist Alessandro Volta (1745-1827). This term is 

described as the process whereby light produces electricity through photovoltaic (PV) effect. 

A PV cell (Figure 3-1) is a device that uses to generate electricity from light by means of PV effect. 

This device contains an absorber layer sandwiched between two electrical terminals, which exhibits 

diode characteristics in the absence of light (in the dark condition), while in the presence of light, it 

generates electricity. Photons either pass through the cell, reflected or absorbed, depending on the 

energy of incident photons. Absorbed photons containing enough energy (equal to or greater than the 

energy bandgap) to excite electrons from a low energy level (valence band, VB) to a higher level 

(conduction band, CB) will produce free electrons. These free electrons contribute towards electricity, 
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which subsequently reaches the device terminals (electrodes). The current available when connected to 

a load is in proportion with the number of photons arriving at the absorber material ‘photon in-

electrons out’– in other words, the more intense the light input, the more the electricity generated. 

 

Figure  3-1: The structure of the photovoltaic cell, and conversion of light into electricity. 

 

3.2.2 Desired Photoactive Material Properties for Photovoltaic (PV) Application 

The main constituent part of the PV array is the PV cell, which in its basic form consists of two main 

components: 

 

• An absorber layer that consists of a semiconductor material with properties which include the 

absorption of light and consequent generation of electron-hole (e-h) pairs by means of the PV 

effect.  

• An electron and a hole collector that are known as metal electrodes in order to accumulate 

electrons or holes and thereby deliver the electrical current to the load. 

To convert the solar energy into an electrical output, the device components must exhibit certain 

properties. The key properties required include the ability to efficiently absorb light and collect the 

charge carriers; and within them, include e-h pair generation, efficient charge separation and 

transportation of the free carriers. In view of this, the absorber material properties will be described in 

detail below.  
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3.2.2.1 Absorption  

Photons are quantitatively discrete light energy packets, which is characterised by an energy that is 

dependent upon its wavelength and expressed by the De Broglie relation [5]: 

                                                      𝑬 =  ℏ𝝎                                                (3. 1) 

where 𝜔 represents the light frequency, which is equal to c|𝑘|, where c represents the speed of light 

and |𝑘| represents the wavevector, ℏ represents the reduced Plank’s constant. As (ℏ = ℎ 2𝜋⁄ ) and 

(𝑘 = 2𝜋 𝜆⁄ ) where, for the purposes of this consideration, 𝜆 represents the wavelength of photons, the 

following may be posited [6]: 

                                            𝑬(𝒆𝑽) =  
𝒉𝒄

𝝀
=  

𝟏𝟐𝟒𝟎

𝝀 (𝒏𝒎)
                              (3. 2) 

In instances where an incoming photon’s energy equals or exceeds that of the energy bandgap (Eg) of 

a semiconductor, the photon will be absorbed in the semiconductor and an electron will transit from 

the VB to the CB, with the result that a hole will be left in the VB.  

When light is absorbed by the semiconductor material, it is attenuated according to the Beer-Lambert 

Law and may be expressed for a material with a uniform absorption coefficient (α) as follows [6]. 

                                              𝑰(𝒙) = 𝑰𝟎𝒆−𝜶𝒙                                    (3. 3) 

Where I(x) represents the incoming light intensity at a depth denoted by (x), and the light intensity 

passes through the first surface of the material (that is, ignoring any surface-reflected light) is 

represented by I0.  In the case of an inhomogeneous absorbing semiconductor material, the equation 

(3.3) is expressed as follows: 

                                           𝑰(𝒙) = 𝑰𝟎𝒆− ∫ 𝜶(𝑬,𝒙′)𝒅𝒙′𝒙

𝟎                                         (3. 8) 

In order to fulfil the requirements of an efficient absorber material, it should exhibit a typical optical 

absorption coefficient of approximately 10
5 

cm
-1

. The optical depth is increased with increasing film 

thickness. However, the optical absorption coefficient is inversely proportional to the material 

thickness, since the light intensity decreases exponentially with its propagation through the material. 

In order to achieve good absorption, the optical depth needs to be high for photons with energy equal 

to and greater than the Eg, and reflectivity needs to be low [6, 7]. In fact, efficient photon conversion 

into electricity is not only dependent on the material’s ability to absorb the appropriate photons 

(material with high absorption), but also on its ability to separate charges. This means that, following 

the absorption of a photon with enough energy, e-h pairs will be crated and these charges then need to 

be separated and collected at the junction/ interface between the absorber layer and the electrodes, 

while charge re-combination needs to be prevented [6, 7]. 
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3.2.2.2 Charge generation 

Based on the assumption that each absorbed photon with energy equal to Eg leads to the excitation of 

an electron from the valence band maximum (VBM) to the conduction band minimum (CBM) leaving 

behind a hole in the VB. This process results in the formation of an e-h pair bounded by Columbic 

attraction as shown in Figure  3-2 (a) [6].  

When the energy of an incoming photon exceeds that of the Eg (Figure  3-2 (c)), the charge carrier 

will have an excess kinetic energy causing an electronic excitation to the sub-levels located above the 

CBM. This electron, however, relaxes to the CBM releasing that excess energy by emission of 

phonons (heat), due to a phenomenon termed thermalisation. Consequently, the significant concern in 

charge generation is not the incoming photons’ total energy, but the number of photons which has the 

required energy able to produce charge carriers. Since photons with the lower energy (high 

wavelength) cannot excite an electron to CBM, their energy is re-emitted in the form of photon 

(Figure  3-2(b)).  

 

Figure  3-2: An excitation of an electron from the VB to the CB illustrating the electron 

transition when (a) the photon energy equals the bandgap energy (Eg), (b) the photon energy less 

than Eg, and (c) the photon energy higher than Eg. 

3.2.2.3 Charge separation and collection 

Following the excitation of an electron and its consequent promotion to a higher energy level (CB), a 

hole is left in the VB. Depending on the binding energy of the e-h pair, the exciton may be dissociated 

by thermal energy or may need another driving force. The potential difference between the two 

electrodes with different work functions can be a driving force. As a result, a built-in electric field is 

created, which acts favourably in the capture of electrons in one electrode and holes in the other. 

Therefore, the charge carriers are transferred to the external load with minimal losses. However, if 

there is no driving force, electrons may re-emit their excited energy and relax into their original state 

(VB). Three recombination processes are possible: radiative recombination, Auger recombination, and 

recombination via defect states [6]. The first two of these, radiative recombination and Auger 

(b) (c) (a) 
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recombination, are usually present in intrinsic semiconductors and may additionally exist in defect-

free semiconductors. The third recombination happens due to the defect states, which is observed in 

extrinsic semiconductors and the occurrence of defects within the lattice. These recombination 

processes are shown in Figure  3-3.  

 

Figure  3-3: Recombination processes occurring in bulk semiconductors. 

Radiative recombination is a single-recombination process, which occurs when the excited electrons 

recombine with holes. The energy of the recombination is then re-emitted in the form of a photon. 

However, band-to-band Auger recombination involves the action of three particles, whereby a 

combination of energy and momentum, which is produced as a result of the electron-hole 

recombination, is transferred to a third free charge carrier (e.g. an electron or a hole). If the free 

electron gaining this energy gets excited to higher sub-levels in the CB, it will then thermalise into 

CBM by emitting a phonon. The non-radiative recombination via a defect state, on the other hand, 

requires two stages to complete the recombination process of the free charge (e and h) in the defect 

state. In the first stage, an electron (or hole) is captured by the defect/trap through defect transition 

energy levels. Then, a hole (or electron) is captured by the defect, thereby completing the 

recombination process [8]. Hence, the recombination energy is emitted in form of phonons. This kind 

of recombination is also known as the Shockley-Read-Hall (SRH) recombination process [9, 10]. The 

rate of the SRH recombination depends on the density of traps, the occupation probability of the trap 

state, and the trap energy [11].  

Recombination reduces the photo-generated current density; therefore, it is important to keep it as low 

as possible. To meet this requirement, a reduction in the density/concentration of both impurities and 

defects in all parts of the solar cell is important, by using high quality materials and avoiding 

contamination during the fabrication process. Electrodes that connect the absorber layer to the external 

circuit/load should exhibit superior conductivity and the contact resistivity (series resistance) should 
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be low. In addition, it is necessary to form good junctions between the absorber layer and the 

electrodes, as well as with appropriate materials that are used to establish a spatial asymmetry. As a 

result, an internal electrical field or a gradient in electron density is built at the interface between two 

materials or differently doped layers of the same material (p- and n-type). This will help to drive the 

electrons and holes to either electrode. Such built-in bias will ideally be considerable, and the charge 

recombination is minimised [6, 7].  

3.2.3 Photovoltaic Device Characterisation 

3.2.3.1 Standard test conditions (STC) 

Typically, the characterisation of photovoltaic devices is performed under illumination of a known 

light spectrum, such that a voltage is applied across the device and flow of a current is measured. 

Therefore, it is necessary to ensure that the solar cell characteristics are measured in accordance with 

the standard test conditions (STC). These test conditions should be based on the quantity of the solar 

irradiance available at the earth’s surface after light experiences absorption and scattering due to 

atmosphere, i.e. presence of water vapour, oxygen, carbon dioxide and ozone, have been taken into 

consideration. The presence of dust can cause irregularities in the absorption spectrum towards 

specific wavelengths. 

The STC level  is determined on ‘air mass’ (AM), usually expressed numerically by an integer 

specifying the characteristics of the light spectrum exhibited by light passing through the air mass at a 

specific angle of the incidence with respect to the zenith angle (Figure  3-4). The AM factor may be 

expressed as follows [6]. 

                                             𝑨𝑴 [𝒏𝒖𝒎𝒃𝒆𝒓 =
𝟏

𝒄𝒐𝒔𝜽
]                            (3. 5) 

In the above expression, θ represents the angle between the sun and zenith, as shown in Figure  3-4. 

 Three AM curves may arise, according to the circumstance, as follows: 

 AM0 - is applicable to the space such as the blackbody spectral region at 5760K at an 

irradiance value equal to 1353 W/m
2 
[6, 12];  

 AM1 - is applicable to the spectrum when the sun is at its zenith with an incident power equal 

to 925 W/m
2
 [12];  

 AM1.5 - is applicable to the conditions representing the characteristic adjusted mean for 

terrestrial environments, where the sun is 45
o
 above the horizon at an irradiance equal to 844 

W/m
2
 [12].  
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The AM1.5 spectrum is applicable in the STC, but this is adjusted such that the integrated incident 

power intensity equates to 1000 W/m
2
 at a temperature of 25 

º
C and with the sun at 42

º
 above the 

horizon [6]. In the case of a solar cell with a test area of 1 cm
2
, the incident power will be equal to 

0.1W. 

                                                        

Figure  3-4: Illustration of zenith angle. 

 

3.2.3.2 Equivalent Circuit Model 

The operation of a solar cell can be explained by means of a simple equivalent electrical circuit, as 

illustrated in Figure  3-5 below. 

 

Figure  3-5: Solar cell Equivalent electrical circuit. 

 

This circuit consists of a current source connected with a diode in parallel where the photocurrent is 

produced, which is proportional to the intensity of light under illumination [6]. In practice, two 

resistances are presented (i.e. series resistance (RS) and shunt/parallel resistance (RSH)), as being 
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connected in series and in parallel with the current source and the diode, respectively.  RS  represents 

the resistance of the absorber layer, contact resistance (between the absorber layer and the metal 

contact) and the resistance of the metal contacts (electrodes) that reduces the current flow [6, 13, 14]. 

Whereas, RSH represents parallel paths (pinholes) that exist within a solar cell (e.g. impurities, crystal 

damage), providing an alternative path for the flow of current. In addition, these pinholes might allow 

undesirable material to pass through between the hole and electron transport layers. Ideally, when the 

RS of a solar cell is equal to zero, and RSH is equal to infinity, the resistive losses will reduce to zero. 

 

Figure  3-6: J-V characteristics of solar cells illustrating (a) the ideal curve, (b) the effect of 

increasing series resistance, and (c) the effect of decreasing shunt resistances.  

 

As shown in Figure  3-6 (b), a high value of series resistance results in the J-V curve becoming 

flattened on the y-axis (J) as compared to an ideal J-V curve Figure  3-6 (a), with the result that the 

cell’s maximum current and short circuit current density (JSC) are reduced. It is also shown in 

Figure  3-6 (c) that, once the shunt resistance reduces, the leakage current increases within the diode, 

resulting in the flattening of the curve on the x-axis (V), with a consequent of reduction in the diode’s 

open circuit voltage (Voc). The leakage currents can occur as a result of the recombination of traps and 

pinholes that may be present in the active layer of the device [13, 15]. 
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3.2.3.3 Solar Cell Characterisation  

To characterise a solar cell, three parameters are important; the short circuit current (JSC), open circuit 

voltage (Voc) and the fill factor (FF), presented in Figure  3-7.  

     

Figure  3-7: The current density-voltage  (J-V) curve of photovoltaic device represents the solar 

cell parameters (JSC, Voc,, FF, Rsh and Rs). 

 

When no voltage is applied (V=0), current (photocurrent) flowing from the solar cell to the external 

load as a result of the incident light is termed as short-circuit current (ISC). However, in the absence of 

incident light (dark condition), most of the solar cells behave like a diode, thereby permitting large 

current to flow in the forward-bias condition after a threshold (V> 0), while the current produced in 

the reverse–bias (V< 0) is negligible. This current is known as dark current (Idark (V)). Dark current acts 

in the opposite direction to the photocurrent, thereby forming a reduced net current from the short-

circuit value [16],   

                                      𝑱(𝑽) = 𝑱𝑺𝑪 −  𝑱𝒅𝒂𝒓𝒌(𝑽)                                (3. 6) 

 

As the J(V) represents the net current density, Jsc is the short-circuit current density and Jdark is the dark 

current density. 

Open-circuit voltage (VOC) is the electrical potential difference between the cell’s contacts (terminals) 
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when disconnected to the load, resulting in no current flow under illuminated condition. This is 

analogous to the dark current and the short-circuit photocurrent cancel each other [6].  

The fill factor (FF) is a term used to describe the rectangular shape of the J-V curve, which is given by 

this expression:  

                                                   𝑭𝑭 =
𝑱𝒎𝑽𝒎

𝑱𝑺𝑪𝑽𝑶𝑪
                                             (3. 7) 

This relationship presented in Figure  3-7, where the ratio of small rectangle to the big rectangle giving 

the FF magnitude. FF will determine the efficiency of charge transport, recombination losses and 

indication about the parasitic resistance (series and shunt resistance) losses. 

A solar cell’s Power Conversion Efficiency (PCE) is the percentage of collected solar power, which is 

converted into electricity. It is denoted by 𝜂 and may be expressed as follows [6]: 

                                                      𝜼 =
𝑷𝒎

𝑬×𝑨𝑪
=

𝑽𝑶𝑪𝑰𝑺𝑪𝑭𝑭

𝑬×𝑨𝑪
                              (3. 8) 

Where Pm represents the maximum power point, i.e. the point at which the device’s power output is at 

maximum, expressed as (𝑉𝑚 ×  𝐼𝑚). AC represents the solar cell’s surface area and E represents the 

energy (irradiance) of sunlight received in the STC (see section 3.2.3.1) expressed in W/m
2
. The 

energy that is not converted into electricity may be lost in a number of ways, such as, reflectance 

losses, thermodynamic efficiency losses, recombination losses and parasitic resistance losses.  

3.3 Perovskite Photovoltaics 

3.3.1 Introduction 

Photovoltaic (PV) technologies are classified into three generations. The first generation of PV was 

based on crystalline silicon (c-Si), which still dominates 90% of the current PV market. Consumption 

of the required energy to prepare the high purity c-Si wafers led to high manufacturing costs and 

hindered its flexibility. The residential 10% solar cells market is covered by the second generation 

termed as thin-film PV technology, by which single or several thin layers of absorber materials are 

deposited on the substrate. This thin-film PV technology significantly reduced the production cost, and 

facilitated its flexibility and widespread adaptability. Cadmium telluride (CdTe), copper indium 

gallium selenide (CIGS) and amorphous silicon are the most common thin films used successfully in 

the second-generation PV technology. However, the presence of indium and telluride in these solar 

cells hindered their scalability. Potential solar cells have been fabricated and improved under the third 

generation such as dye-sensitized solar cells (DSSC), multijunction solar cells, quantum dot solar 

cells, organic solar cells, nanowire solar cells and perovskite solar cells (PSC). 
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3.3.2 The development/discovery of hybrid Perovskite PV: a brief history 

O’Regan and Grazel (1991) were the first to publish dye-sensitized solar cell (DSSC), which had 7.1-

7.9% efficiency, and tested under AM1.5 solar spectrum through the employment of a mesoporous 

TiO2 architecture. The cell was able to significantly increase the light harvesting by means of a light-

sensitive dye. Several issues remain with regard to these dyes’ stability; the dyes are hydrophilic and 

could be separated from the TiO2 surface when it absorbs moisture from the surrounding atmosphere 

or environment [17]. Additionally, liquid electrolytes employed are comprised of volatile organic 

solvents into which I
-
/I3

-
 redox couple is dissolved. These may potentially percolate into the sealant or 

evaporate into the atmosphere. Further developments of the electrolyte were then undertaken with the 

aim of boosting the cell stability at higher temperatures. The development of an organic solvent-free 

ionic liquid-based electrolyte by Bai et al. (2008) was comprised of three salts, and, under a sun 

illumination, showed a cell efficiency of 8.2% over a period of 1000 hours at 60 °C [18]. Hereafter, 

much attention is paid towards the fabrication of stable DSSCs, however no reports are presented, and 

research is undertaken due to improve stability within the layers.  

Since they are cheap to fabricate, several researchers hoped for dye-sensitised solar cells to replace the 

conventional inorganic silicon-based solar cells. However, leakage of electrolyte is a major issue with 

the dye-sensitised solar cells. Instead of a liquid electrolyte, a solid hole transporting material (HTM) 

is used, and this is called as solid-state dye-sensitised solar cells (ssDSSC) [19]. However, the highest 

efficiency that was measured after many experiments was 11.9%, which is less than the theoretical 

predicted value (>20%) [20, 21].                                                                                                                 

  

Organometal halide-based perovskites were first used as photo-sensitisers in the PV cells in early 2009 

[22]. About this, Miyasaka et al. experimented using the elementary structure of electrolyte based 

DSSCs. Perovskite nanocrystalline particles (MAPbX3 (X=I, Br)) was used in the place of the 

absorber dye on a mesoporous TiO2 (m-TiO2) film (photoanode). The PCEs achieved were rather 

unsatisfactory (𝜂 = 3.81% for the triiodide and 3.13% for the tri-bromide). In addition, the cell 

stability in a liquid electrolyte was also not efficient. In 2011, Park et al. synthesised perovskite 

quantum-dots solar cells by means of a liquid DSSCs, using 2-3 nm MAPbI3 nanocrystals. They 

succeeded in raising the efficiency to 6.54% at 1 sun illumination [23]. However, the cells degraded 

within a few minutes due to the perovskite decomposed in the electrolyte.                                                                                    

 

In 2012, all solid-state perovskite solar cells (similar to ssDSSCs architecture) were published by 

Grätzel’s research team and Park et al. MAPbI3 was used as a light harvester in conjunction with the 

solid hole conductor 2,20,7,7,0-tetrakis-9N, N-dimethoxyphenyl-amine0-9,90-spirobi-fluorene (spiro-
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MeOTAD) on a m-TiO2, resulting in a PCE of 9.7% [24]. Significant improvements were 

subsequently made regarding cell efficiency. By the middle of 2014, PSC with a certified 17.9% PCE 

was achieved [25] and by the end of 2015 it reached 21.02% [26]. The most recent confirmed 

efficiency (as of early 2019) of such cell is nearly 25% [27]. This breakthrough retains its 

competitiveness with existing thin film PV technologies. As a result of this, the research interest is 

beginning to work on stability improvements as well as the streamlining of the manufacturing 

procedure.                                                                                                                                                   

3.3.3 Structure of Perovskite Solar Cells (PSCs) 

Typical PSCs are composed of a number of layers - a bottom electrode, a top electrode, an electron 

transport layer (ETL), a hole transport layer (HTL), and a perovskite layer which is sandwiched in-

between.  

The bottom electrode (working electrode) consists of a transparent conducting oxide (TCO) such as 

fluorine-doped tin oxide SnO2:F (FTO) or tin-doped indium oxide (ITO) that are often coated on glass 

or plastic substrates. The role of this electrode is to receive the electrons generated in a perovskite 

absorber layer and transport them to the external circuit. However, the top electrode (counter 

electrode) allows the flow of electrons from the external circuit, as well as the flow of holes that are 

carried by the HTL. Therefore, the counter electrode requires the following properties: high-

conductivity, and chemical stability [28, 29]. Noble metals like Pt, Ag, Au are often used to form this 

kind of electrode [30]. An electron transport layer (ETL) is directly deposited on the top of the TCO, 

which extracts the photo-generated electrons from perovskite, as the conduction band of the ETL is 

lower than the perovskite excited state (CB) and these electrons are transported by ETL to the working 

electrode (TCO). An organic or inorganic hole transport layer (HTL) is coated on top of the perovskite 

layer [31]. The HTL, on the other hand, facilitates the flow of holes to the counter electrode and 

prevents a direct contact between the perovskite layer and the electrode. The best HTLs are required to 

have the following properties: high hole mobility, thermally stable, UV stable, and energy levels that 

match with the valance band of perovskite [32]. Mostly spiro-OMeTAD is used as HTM in perovskite 

solar cells [19].  

Perovskite solar cells do not always require HTLs, but with the capping layer of HTLs, high-

performance and efficiency could be achieved. PSCs can rely on a p-n junction between perovskite 

and n-type metal oxide, because the perovskite acts as a light harvester as well as hole conductor. 

Without HTL, the cell could be more stable, cheaper and easier to make [19]. However, for high 

efficiency, a thicker and smoother layer of perovskite is needed to prevent shunt contacts [33]. The 

PSC anode is made of TCO and ETL, while the cathode is made of a counter electrode and the HTM 

[34]. 
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There are three types of PSC device architectures, which are mesoscopic, meso-super structured, and 

planar heterojunction perovskite solar cells. The planar heterojunction could be of two different 

structures (n-i-p and inverted p-i-n structure) [19, 35]. Figure  3-8 shows mesoscopic and planar solar 

cell structure.  

 

Figure  3-8: Structures of perovskite solar cell architectures. (a) mesoscopic. (b) n-i-p planar. (c) 

p-i-n inverted planar. 

 

3.3.3.1 Mesoscopic and Meso-Superstructured Structure 

Perovskite-sensitised mesoporous solar cells (mesoscopic PSCs) (Figure  3-8 (a)) was the first 

explored cell architecture, which is not different from the solid-state dye-sensitized solar cells 

(ssDSSCs). In this architecture, a perovskite material is deposited on m-TiO2 layer, and then it is 

capped by the HTL with the counter electrode [19, 35, 36]. The mesoporous surface of the m-TiO2 

layer increases the surface-area for the perovskite material. Increasing perovskite/TiO2 interfacial area 

improves the density of photon-generated carriers due to increase in light scattering, which is crucial 

for the PSC performance [37]. 

The working mechanism of the mesoscopic PSCs is also like the ssDSSCs. The mechanism is based 

on photoexcitation (that occurs in the perovskite layer) and efficiently injecting the electrons into the 

m-TiO2. This structure also reduces the diffusion length for carrier transport and enhances electron–

hole separation [37]. Thickness of the m-TiO2 layer and its porosity have a significant influence on the 

quality of the perovskite capping layer [38] and on the electron flux density [39]. Undesired processes 

like charge recombination can happen, but occurs at a much lower rate compared to the desired 

processes, such that it results in a well-performing device [19, 35]. 

Adopting such architecture, a highly reproducible PCE of 15% and certified value of 14.1% have been 

achieved by Grätzel’s research team [36]. Hereafter, Park et al. and Grätzel’s research team developed 
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a perovskite solar cell based on m-TiO2 by controlling the size of CH3NH3PbI3 cuboids which yielded 

an PCE of 17% [40]. Following these significant discoveries, particularly over the last few years, there 

have been substantial advances made by several researchers in this field [41].  

Despite the higher efficiencies in mesoscopic PSCs that have been demonstrated, the fabrication 

process that involves sintering at 500 
°
C is not suitable for low-cost production and infeasible for 

applications that use plastic substrates [42]. Moreover, instability of photocatalyst TiO2 (see section 

3.3.4.1) is another barrier, which affects the overall device stability [43]. Therefore, alternative 

inorganic oxides have been proposed to address this problem employing a meso-super structured SCs 

(MSSCs) architecture, with the same design architecture as that of mesoporous PSCs. In MSSCs, 

instead of a mesoporous n-type conducting metal oxide, a porous insulating metal oxide layer is 

incorporated [32]. The perovskite layer, here, behaves as the intrinsic absorber and electron transport 

material [19]. 

In 2012, Snaith and Miyasaka demonstrated solar cells based on the MSSCs structure. Here, an n-type 

mesoporous oxide is replaced with scaffold alumina layer (Al2O3), covered with CH3NH3PbI3-XCix 

and spiro-MeOTAD [44]. An increase in the Voc (1.13 V) with an efficiency rating of 10.9% was 

achieved.  A low temperature processed MSSCs with an efficiency of 15.9% was contributed [45]. It 

was found, however, that without the m-TiO2 layer, a qualified compact TiO2 (c-TiO2) layer is 

required for achieving a device with improved performance. This layer separates the HTM from TCO 

layers – such that direct contact between these two layers would cause a short circuit in a solar cell. 

This layer do also not allow the holes that are generated in the perovskite layer to be injected to the 

TCO anode as if they are attracted by the anode, the net current of the PSC minimises.  

3.3.3.2 Planar Structure 

Due to the established properties of the perovskite material, particularly, its long carrier diffusion 

length and ambipolar charge transport (see chapter 2), a planar type structure has been explored [37], 

[42]. In such structures, two device architectures were proposed; n-i-p and inverted p-i-n, as presented 

in Figure  3-8  (b) & (c). Originally, the hole transport and electron transport layers were separated by 

an ambipolar layer of perovskite [19, 37, 46]. 

Planar heterojunction perovskite solar cell fabricated by vapour deposition yielded a PCE of 15.4% 

[47]. Kelly and Liu have also developed planar structure perovskite solar cells based on a room 

temperature processed ZnO layer, which exhibited a PCE of 15.7% [48]. In 2014, Yang et al. had 

achieved an efficiency of 19.3% with an average efficiency of 16.6% [49]. 

Despite the simplicity and low consumption of energy, this architecture has several limitations. The 

interface contact area between the perovskite and ETL can affect the extraction of electrons [37]. As a 
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result, the unbalanced electron and hole flux can lead to charge accumulation into the trap sites, 

resulting in the creation of hysteresis in the planar structure. A reduction in the hysteresis loop has 

been noticed when utilizing a fullerene which acts as an ETL due to its passivation effect, resulting in 

a balance between hole and electron collections [37, 42, 50, 51]. 

. 

3.3.4 Instability of Perovskite SCs- Intrinsic Device Architecture Stability 

The PSCs that are the imminent successor of ssDSSCs have increased their PV conversion efficiency 

to 24.2± 0.8%, in 2019, from 3.81% in 2009 [52]. This means that they are comparable with C-Si PV. 

Despite this, they have relatively poor environmental stability as it prone to damage from O2, high 

temperature, UV-light and moisture. As laboratory studies are the first stage in the path towards 

commercialisation, the devices need lifetime testing due to their 25-year outdoor operation, different 

characterisation tests are needed to justify the solar cell reliability in a realistic environment.  

In fact, the operational temperature of a typical solar cell increases from 10 – 45 °C above the 

environmental temperature [53], which implies, if the temperature of the environment is 

approximately 40 °C, the operational temperature of the solar cell can potentially reach as high as 85 

°C [54]. In addition to environmental temperature, the device is also exposed to moisture during their 

operation. Therefore, it must undergo a laboratory stability test of several thousands of hours at 85 °C 

and 50% humidity conditions, as well as thermal cycling stability of over few hundreds of cycles from 

40 to 85 °C [55]. Passing all these tests successfully, gives the device under question great opportunity 

to transit from the laboratory to the commercial stage.   

3.3.4.1 Instability Caused in Electron Transport Layer 

The most commonly used material for ETL (photoanode) in mesoscopic PSCs is Titania (TiO2). The 

drawback of TiO2 is the defects arising from non-stoichiometry such as titanium interstitials and 

oxygen vacancies [56]. As a result, deep-trap levels within bandgap energy are formed that 

significantly reduce PV cell performance. Many attempts are made to overcome these obstacles. 

Pathak et al. investigated that low doping levels of TiO2 with aluminium to help reduce the density of 

trap states by passivating the defects, and an improvement in the device stability was noticed with Al-

doped TiO2 [56].  

In addition, TiO2 is generally known to act as a photo catalyst for breaking down water into hydroxyl 

radicals that could lead to oxidation of the organic cation in the perovskite material. Under UV light, 

TiO2 oxidises iodide ions (I
-
) in perovskite by extracting electrons, and it was found that the 

perovskite material was transformed into PbI2 after 12 hours of exposure to UV light [32, 57]. A 
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planar structure was proposed by Song et al. to replace TiO2 mesoporous layer with SnO2 [58]. This 

kind of structure (SnO2 based device) achieved efficiency of 13% and it showed more stability in 

ambient conditions for 700 hrs than the TiO2 based devices. The improved stability may be caused by 

the passivation of the residual PbI2 present at the interface between SnO2 and CH3NH3PbI3.  

3.3.4.2 Instability Caused in Hole Transport Layer 

CH3NH3PbI3 could potentially be corroded by 4-tert-butylpyridine (TBP) as shown by Li et al., as 

TBP is a significant additive in the hole-transport material, Spiro-OMeTAD, to improve the 

conductivity [59]. However, the TBP reduces the device stability since it dissolves PbI2, and thus 

creating the [PbI2–xTBP] complex material. To overcome this problem, the author used a 

montmorillonite (MMT) buffer layer between the perovskite layer and the Spiro-OMeTAD layer so 

that the perovskite corrosion could be prevented [59]. By adding MMT, the device efficiency was 

improved by 32.2%, achieving 11.9% efficiency under AM1.5 sunlight. 

Three most common HTL materials used are: Spiro-OMeTAD, poly[bis(4-phenyl) (2,4,6-

trimethylphenyl) (PTAA), and poly(3-hexylthiophene) (P3HT). These materials produced higher 

efficiencies and their influence on the degradation rates of PSCs under controlled humidity 

environment were investigated [60, 61]. The mixed halide perovskite (CH3NH3PbI2Br) device 

structure built by replacing the conventional thick layer of Spiro-OMeTAD with thin P3HT layer [61] 

found that the P3HT-based device showed a superior stability over a test period of 250 hrs in ambient 

condition, with a lower rate of degradation by 6-folds as compared with the other two materials [61]. 

The faster decomposition rate in Spiro-OMeTAD-based device was attributed to the presence of 

pinholes within the layer, which provide pathways for moisture to affect the perovskite material. Thus, 

this induces the fast degradation rate at ambient condition. In addition to the higher stability of P3HT- 

based device, the low-cost of P3HT is also one of the advantages (10 times cheaper than Spiro-

OMeTAD). Moreover, a quite thin layer of P3HT is required (50 nm) compared to the required 

thickness of Spiro-OMeTAD (100-300nm), which reduces the fabrication cost [61].   

Kim et al. replaced organic HTL with an inorganic material, NiOx [62]. A higher environmental 

stability was achieved by using such inorganic oxide film; however, the device efficiency was not as 

high as what achieved by using organic material for HTL [62]. In order to improve the efficiency, 

NiOx films are doped with copper by incorporating a copper-containing precursor, hence an increase in 

the device efficiency is approved. By comparing the efficiency and stability of three devices; PEDOT: 

PSS device, NiOx device and Cu-NiOX device, it has been found that a maximum efficiency of 15.4% 

is achieved by Cu-NiOx device which was higher than undoped NiOx device (8.94%) and even higher 

than PEDOT:PSS device (11.16%). In addition, the Cu-NiOx device shows a good stability over a test 
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period of 240h with efficiency equal to 90% of initial value, however the efficiency of PEDOT: PSS 

device decreases after 144h to less than 50% of initial efficiency. This reduction is due to the 

degradation of ITO electrode and perovskite layer. The degradation is caused by absorbing the 

moisture by the PEDOT: PSS layer, since PEDOT: PSS is a hygroscopic material. 

More importantly, a published research study presented a fabricated device that was unsealed, and 

showed a PCE of 11.5% with 1008 hrs of stability in ambient condition under AM 1.5 of artificial 

sunlight [63]. (5-AVA)x(MA)(1-x)PbI3 perovskite material was utilised as an active layer in HTL-free 

device. The authors asserted that the total time, 1008 hrs of stability, without a decrease in PV 

conversion efficiency resulted from the protection of the perovskite by a carbon layer that acted as a 

back contact [63]. 

3.3.4.3 Instability Caused in Buffer Layer 

Different approaches have been taken to improve the device stability by incorporating a buffer layer. 

Cuarnera et al. proposed the use of Al2O3 nanoparticles as a buffer layer between the perovskite layer 

and the HTL in the standard meso-super structured solar cell (MSSC) [64]. The benefits of adding this 

layer included improving the FF and reducing series resistance. Rapid degradation within 200 hrs was 

observed in the control device, which is due to the metal migration from top contact into the 

perovskite layer leading to shunting in a solar cell.  However, good stability was noticed in the device 

with a buffer layer which maintained 95% of its initial efficiency over a test period of 350 hrs of light 

exposure. This stability was attributed to the incorporation of the buffer layer that eliminated the 

migration of the metal from the metal electrode, to the perovskite layer [64].    

3.3.4.4 Instability Caused in Electrode 

One of the highly efficient and stable materials used as a counter electrode in perovskite solar cells is 

gold (Au); however, this electrode suffers from a major disadvantage in terms of its high costs [65- 

68]. As a low-cost alternative, silver (Ag) is used [68]. The environmental instability, however, is the 

main obstacle for Ag usage due to the corrosion of Ag by perovskite material, which results in the 

oxidation of Ag. After few days of the fabrication of Ag-based solar cell, the Ag electrode colour 

changes from the shiny reflective silver-colour to yellowish-colour, and, eventually, substantially 

reduces the device efficiency [69]. The colour change is corresponding to the formation of silver 

iodide (AgI), which is formed by the migration of methyl ammonium iodide into the Ag electrode via 

the pinholes existing in Spiro-OMeTAD (the HTL) [69]. This reaction could be effectively suppressed 

by modeling the interfaces between each layer (e.g. Spiro-oMeTad/Ag interface), which prevents the 
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ion migration towards the electrode and accumulation of the volatile iodide at the interfaces. Hence, 

long-term stability of PSCs is achieved [70]. .  

3.4 Summary 

Within this chapter, the important physical background information for understanding the mechanisms 

of PV devices and the key concepts for the desired properties of the photoactive semiconductors has 

been covered and explained. Moreover, the critical parameters necessary for evaluating and 

characterising solar cells have been introduced. Then, the promises photovoltaic cells which based on 

the organic-inorganic tri-halide perovskite material have been presented in deeper detail with focus on 

their discovery, the various architectures have been established to date, and the materials which 

constitute the perovskite photovoltaics layers. Finally, the stability issues particularly relevant to each 

constituent layer in the perovskite solar cell architectures have been discussed.  
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Chapter 4 CHAPTER 4. Synthesising Techniques of Perovskite Material 

 

 

This chapter introduces various experimental methods used in this research study. Two novel CVD 

growth routes have been proposed and explored to develop organic-inorganic lead tri-halide perovskite 

thin films, in particular MAPbI3 (MA= CH3NH3); atmospheric pressure chemical vapour deposition 

(APCVD) and plasma-enhanced chemical vapour deposition (PECVD). APCVD growth is a one-step 

deposition technique that uses a liquid precursor (PbI2 • MA in DMF), while in order to form 

perovskite film by PECVD route, two-step deposition methods were used. This two-step deposition 

approach involves the deposition of PbI2 thin films on clean substrates, initially, that were deposited 

by spin-coating and thermal evaporation techniques. That was followed by exposure of PbI2 films to 

the methane (CH4) and ammonia (NH3) gaseous in plasma phase that was performed in vacuum by 

PECVD process. 

Although this chapter emphasises on CVD growth process including PECVD and APCVD processes, 

it is devoted discussing both the aforementioned methods from initial preparation of the substrates’ 

surface and the techniques that are used to deposit PbI2 thin films.   

 

4.1 Surface Preparation 

4.1.1 Surface Cleaning 

In this work, the wet cleaning process was undertaken in the class 100 clean room and encompassed 

the following procedures. To begin with, a 5% Decon-90 soap detergent was mixed with de-ionized 

water inside a beaker before being sonicated and agitated in an ultrasonic bath (35 kHz) for a period of 

40 minutes. Thereafter, the substrates were rinsed for two minutes for five times using fresh de-

ionized water. Later, samples were sonicated in acetone for 15 minutes, and then underwent an 

additional sonication for 15 minutes in isopropyl alcohol (IPA). Then, the substrates were rinsed for a 

period of two minutes using deionized water on five occasions. Samples were finally dried on an 

individual basis with a nitrogen gun, before they were left to dry on a plate or oven at 100℃ for an 

hour. All aforementioned steps were performed in a laminar flow workbench in order to avoid 

contamination induced by the environment. 

4.1.2 Surface Modification with Plasma Treatment 

In order to improve adhesive bonding with another material, there are various methods that can be 

used to modify the surface of the substrate. In this regard, methods involving the use of plasma are 
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very common treatment for modifying/altering the surface energy. One of the modifications is to make 

substrate surface more adhesive and wettable (hydrophilic) which is the objective of this cleaning 

process [2]. In addition, plasma is also used for its ability to remove contaminants from the surface of 

the substrate [1]. 

Plasma contains positive and negative ions along with atoms, molecules and free radicals of the gas 

used [2]. In the surface treatments involving plasma, charged particles were created by the excited gas 

atoms get accelerated towards the substrate surface in the presence of external electric field, resulting 

in the release of excitation energies when they impinged on the surface [1]. Plasma-based treatments 

are categorised based on the energies of gases and charged particles. Plasma (glow discharge) 

treatment is undertaken at reduced pressure, and it is possible for the plasma species to be either 

reactive (e.g. hydrogen, oxygen) or inert (e.g. argon) [2]. Bombardment of high-energy particles leads 

to transfer its energy on the loosely bonded particles over the surface that are being removed, such 

process is referred as cleaning, which, in turn, leads to collision cascade in close proximity to the 

surface. Energy of the bombarding particles is released in the form of heat, although some portion of 

the energy is transferred to surface atoms, which, in turn, will be removed with contaminants. In a 

plasma region, sputter cleaning can lead to a reaction between the surface and activated contaminants 

such as oxygen. Therefore, plasma formation can take place in a distinct area using either inert or 

reactive gases, wherefrom ions are bombarded and accelerated to the substrate at appropriate vacuum 

conditions. The bombardment of low-energy ions from the inert gas aids in desorption of surface 

contaminants without causing damage to the surface [1]. Ion etching involving a reactive gas is 

referred to as reactive plasma cleaning since reactive species are capable of reacting with contaminants 

and forming volatile products [1].  

In this work, a Bio-Rad PT7100 barrel etcher was used for the substrate cleaning. In addition, a 

suitable quartz holder was utilized for holding the samples that have to undergo cleaning process. 

Subsequently, this holder was placed inside the chamber, and the system was pumped down to a 

vacuum ~10
-2

 torr. Then, Argon gas was filled in the chamber until the pressure reached ~10
-1

 torr. 

Thereafter, radio frequency (RF) power was introduced in order to ionize the gas and generate the 

plasma. After turning on the RF power of 100 Watts, the reflected power was kept at minimal (< 5 

Watts). The glass surface substrates were cleaned under Ar
-  

plasma for ~10 minutes, while the surface 

of silicon (Si) substrates were introduced into oxygen plasma due to its effective in removing 

hydrocarbons and absorbing water vapour from surfaces [1].  
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4.2 Synthesis of Perovskite Layer 

In this work, two novel routes were used to synthesise methyl ammonium lead iodide (MAPbI3) as 

presented in Figure 4-1. The first route of synthesis this material involves two-step approach in which 

an incorporation of thermal evaporator or spin-coater with plasma-enhanced chemical vapour 

deposition (PECVD) was applied. The first step involves deposition of thin film of PbI2, while the 

second step was used to convert the deposited film into perovskite. The second route used to 

synthesise the perovskite material involves a single-step process through atmospheric pressure 

chemical vapour deposition (APCVD). The following sections explain the working principle of the 

deposition methods used in both routes that include spin coating and thermal evaporation techniques 

followed by PECVD, in addition to APCVD.   

 

Figure  4-1: The two novel methods were used in this study for the deposition of perovskite thin 

films. 

 

4.2.1 Lead Iodide (PbI2) Thin Film Deposition Methods 

4.2.1.1 Spin-Coating  

The numerous deposition methods used in the deposition of perovskite material are based on solution 

processing, such as spin coating, drop casting, and printing (for example ink-jet printing, screen 

printing, pad printing, roll-to-roll printing and knife over edge coating). All these methods require a 

suitable solvent for the specific material.  

Perovskite (CH3NH3PbI3) 

synthesis by first approach 

PbI2 CH3NH3 

Perovskite (CH3NH3PbI3) 

synthesis by second approach 

Spin-coating 

Thermal-evaporation 

RF-PECVD 

(1) (2) 
PbI2 + CH3NH3I 

APCVD 
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Among aforementioned wet methods, in this work, spin coating was used to deposit PbI2 layer and 

then introduced into a PECVD process. This method requires a liquid processor that was prepared by 

dissolving PbI2 powder in a polar solvent (DMF). Few drops of the solution were dropped onto a 

substrate, which was held on a rotating chuck by assisted vacuum. Pumping a neutral gas into the 

chamber (usually N2 gas) was another requirement in order to maintain the dryness of the chamber. 

Parameters such as rotating speed (from five hundred to several thousand revolutions per minute) and 

rotation total time were monitored and controlled by means of control panel that was attached to the 

spin-coater system. Two rotating approaches can be applied including static and dynamic conditions 

that effectively influence the properties of the coated film. In the static coating approach, the solution 

was introduced on a fixed substrate, followed by spun. However, the coating takes place whereby the 

solution is dropped onto a spinning substrate is known as dynamic approach. During the spin, the 

solution spreads across the substrate by centrifugal force resulting in a deposition of a uniform thin 

film after the solvent is evaporated (Figure 4-2). The drawback of this method, especially when 

employing the dynamic condition, is the amount of material being wasted. 

 

Figure  4-2: Schematic of the major spin coating process. 

 

Many other factors should be controlled which make this technique a complex in nature. These include 

the solution’s viscosity and the concentration of the material, N2 gas flow rate and the evaporation rate 

of the solvent, which also have a great impact on the thickness and uniformity of the coated film. 

Therefore, the generalised relationship between the thickness of the film (d) and the angular velocity 

(𝜔) is described according to the observed experimental results, with introducing two relative 

empirical constants that are related to the characteristics of the solution (e.g. the viscosity of solution) 

denoted as k and 𝛼 [3]: 

                                    𝒅 = 𝒌 𝝎𝜶                                             (4. 9) 
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According to this relationship, an inverse proportional relationship between the angular rotating 

velocity (𝜔) and film thickness (d) and the direct proportional relationship between the solution 

concentration (k) and film thickness (d) can be noticed. Therefore, applying higher angular velocities 

and lower concentration, results in the reduction in the film thickness, as shown in Figure 4-3: 

 

Figure  4-3: relationship between the thickness of the film and angular velocity in a spin coating 

method (adopted from [3]). 

 

4.2.1.2 Thermal Evaporation 

Thermal evaporation is one of the deposition technologies, used in this work, which is performed in a 

chamber kept under vacuum. It is a physical vapour deposition process (PVD) that can be used to 

deposit thin films in a high vacuum environment (10
-5

 – 10
-6

 mbar). The reasons for using the vacuum 

systems are as follows: 

 

 The possibility of oxidation or contamination of the materials is quite low because this system 

removes air and any dust particles within the chamber before the deposition.  

 The quality of the film deposition can be improved by increasing the mean free path (MFP), 

which is inversely proportional to the pressure inside the chamber. Physically, the magnitude 

of the MFP of the atoms/molecules before colliding with another in the air is ~10 × 10−6 𝑐𝑚. 

However, at a pressure of 10−6𝑚𝑏𝑎𝑟, the MFP is increased to around 5 cm [4]. Typically, 
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after 10 collisions of the molecule/atom, a noticeable deviation from its original path occurred. 

Therefore, if the distance between the material position and the substrate is less than 10 MFP, 

the scattering will be reduced, resulting in a better uniformity in the deposited film.  

 

This technique has two pumps; namely, rotary and diffusion pumps. When the system is pumped 

down to 10 
-2 

mbar by the rotary pump, the diffusion pump begins to further reduce the pressure to 10
-6 

mbar. The principle working of the diffusion pump depends on evaporating the boiling silicone oil 

through centred tubes into the chamber, during which cold water is pumped outside the diffusion 

pump to condense the oil (Figure 4-4). As a result, the oil is dropped down from the chamber into the 

pump, taking the contamination and air with it. When the oil is fully contaminated, it will need to be 

replaced periodically [5]. 

 

 

 

           Figure  4-4: Schematic of working principle of diffusion pump. 

 

The working principle of this technique, as its name suggests, is that it evaporates the target material, 

which is placed onto a crucible such as a boat, coil, and basket of a metal (e.g. tungsten). The required 

energy for material evaporation is supplied by a DC current passing through the conducting metal 

holder, which is known as Joule effect [6]. These conducting holders are made from materials with 

very high melting temperatures exceeding 3000 ℃, such as tungsten, molybdenum or tantalum, in 

order to withstand high temperatures. By applying an electric current (~20-30 A) to the filament, the 

material will initially melt, resulting in the evaporation of the atomic/molecular species [7]. Once the 
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hot species reach the unheated substrates, they condense on cold surface of a substrate forming a thin 

film.  The mean free path (MFP) of the travelling species mainly depends on the vacuum pressure of 

the chamber, where it is mean travel distance will increase in the existence of unwanted gases leading 

to a decrease in the average kinetic energy of the evaporated species (in order tenths of eV) [8]. This 

will result in the formation of porous and weak adhesive layer [8]. Therefore, to deposit high purity 

thin film, high vacuum (~ 4 x 10
-6

 mbar) is required [8]. This technique works efficiently with a huge 

number of materials that have melting point less than 1500 ℃, including pure metals, non-metals, 

metal oxides and some organic materials [9]. However, it is not employed for those materials that have 

melting point higher than 1500 ℃ [8]. E-beam thermal evaporation is an alternative technique that is 

recommend for such materials with high melting point [8]. 

In this work, an Edwards Auto 306 thermal evaporator was used to evaporate the inorganic material of 

perovskite (PbI2) and the metal electrodes (aluminum, silver) as cathode/anode for current-voltage 

measurements. This equipment has glass bell jar, filament or crucible, and a substrate holder as seen in  

Figure  4-5. In addition, a quartz crystal oscillator is fixed at the similar height of the positioned 

substrates to monitor the thickness of the deposited layer.   

 

 

 

Figure  4-5: Schematic diagram of a thermal evaporator. 
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 4.2.2 Perovskite Thin Film Deposition Methods 

Both proposed routes used in this work to synthesis perovskite thin films (MAPbI3) are based on 

chemical vapour deposition (CVD). Therefore, this section is begun with the description of CVD 

process. 

 

4.2.2.1 Overview of Chemical Vapour Deposition (CVD) 

CVD, as the name suggests, is a chemical reaction (CR) process to synthesise a material from vapour-

phase. This vapour compound species is decomposed on the substrate surface in the presence of 

thermal energy producing desired non-volatile product to form thin film [7].  

CVD is a sequential process that comprises several steps; (1) mass transport of the gas precursors 

supply either from the gas flow region or gas generator into the reactor (deposition zone); (2) the 

diffusion of the gas precursors across the boundary layer to a substrate surface; (3) once the precursors 

reach the substrate surface, they are adsorbed; (4) the adsorbed gas have to migrate on the substrate’s 

surface (surface mobility); (5) a number of chemical reactions then take place on the substrate surface, 

starting with small nuclei initially formed from the first few molecules arriving onto the substrate and 

further chemically reacted resulting into the growth of islands; (6) the grown islands merge with each 

other to form a continuous thin film; (7) desorption of by-products (volatile products) from the 

substrate’s surface occur by crossing the boundary layer out of the reactor [10]. Figure  4-6 (a) 

illustrates step (1), (2), (3) and (7), while step (4), (5) and (6) are illustrated in Figure  4-6 (b).  
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Figure  4-6: CVD process sequence showing the interaction between the adsorbed molecules and 

the substrate surface. 

 

The adsorption of the diffused precursor molecules through the boundary by the substrate surface can 

undergo two kinds of adsorptions (see Figure 4-7). One is possibility known as chemisorption which 

exhibits strong chemical bonds (> 2 eV of energy per molecule) forming between atoms on the 

substrate’s surface and the adsorbed precursor. Due to the strong chemical bond of chemisorbed 

atoms, they have limited migration on the surface (very low surface mobility); and hence they bond 

with the surface’s dangling bonds and contribute to the film growth [10]. Physisorption is, as the name 

suggests, physical adsorption. This bond is much weaker than the chemical bond, which requires 

energy less than 0.5 eV per molecule to be formed due to the nature of the forces involved (Van der 

Waals and dipole–dipole forces) [10]. Therefore, it has high surface mobility, which is necessary to 

reduce the roughness and porosity of the film surface, hence increasing the film quality [10]. 
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Figure  4-7: Relationship of bonding energy to chemical and physical adsorption (Adapted from 

[10]). 

 

According to the Arrhenius equation, the chemical reaction (CR) is mainly affected by the substrate 

temperature (T) and the activation energy (𝐸𝑎) as follow: 

                                                    𝑪𝑹 = 𝑨 𝒆𝒙𝒑(−𝑬𝒂 𝒌𝑩𝑻⁄ )                                              (4. 2)           

   

Where A is a constant, 𝑘𝐵 is the Boltzmann constant. In the case of low activation energy (𝐸𝑎), an 

easier chemical reaction can be achieved since a low barrier exists (Figure 4-8). However, in the case 

of existence of high activation energy, external sources of energy are required to overcome this barrier 

such as thermal energy, RF power, or UV radiation.  

 

Figure  4-8: Chemical activation energy (Adapted from [10]). 
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The exponential relation between the CR and T can dramatically affect the deposition rate (DR). In 

addition, the DR can be altered by the rate of the precursor diffusion (D) across the boundary layer and 

the adsorption rate (AR). The dependence of DR on temperatures is illustrated in Figure  4-9. At low 

temperature, in particularly at the surface-reaction-limited regime, the DR is low since the chemical 

reaction rate is mainly related to temperature (according to equation (4.2)) as the elevation of 

temperature is needed to overcome the 𝐸𝑎. The low effect of temperature variation appears in the 

mass-transport-limited regime. Further increasing the temperature, a sharp decrease in the DR is 

noticed due to the gas-phase-nucleation.[10]. 

 

Figure  4-9: Deposition rate regimes as a function of temperatures (Adapted from [10]). 

 

Due to high surface chemical reaction rate presents in the mass-transport-limited regime, it is 

preferable to synthesise the material at this regime and set it as the optimal operation in most of CVD 

reactors.  Moreover, its low sensitivity to the temperature changes, which is however difficult to 

maintain constant, is another advantage. Meanwhile, CR becomes mainly affected by the other 

controllable parameters such as precursor diffusion and chemisorption rates that can be altered by the 

gas flow rate [10]. 

One of the alternatives to standard CVD reactors is plasma-enhanced chemical vapour deposition 

(PECVD). Plasmas can easily achieve mass-transport-limited regime at low temperatures by 

generating reactive free radicals and accelerating ions that provide enough energy to increase the 

chemical reaction rate, once they are diffused and bombarded the surface by their high energy (10 to 

20 eV) [10]. The advantage of using PECVD over CVD growth process is that the activation energy 

required for the gaseous reaction is provided by energetic plasma beside the thermal energy which 

allows the reduction in the temperature during the deposition process. Therefore, it is needed to further 

discuss about such an advance CVD technique, already in use by both academic and manufacturing for 

fabricating several semiconductor devices such as solar cells, MOSFET, TFT, and flash memory.  
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4.2.2.2 Plasma-Enhanced Chemical Vapour Deposition (PECVD) 

4.2.2.2.a  Generation of Plasma 

To generate plasma from a gas, an external source of energy is required such as direct current (DC) 

power or radio frequency (RF) power. DC power is commonly applied, in a PVD system, while RF 

power is most commonly applied in a plasma enhanced CVD for semiconductor processing. For 

semiconductor materials that require high growth temperatures (above 400 
º
C) for deposition, the 

PECVD technique is considered to be a suitable technique, as stated earlier in section (4.2.2.1).  

Most PECVD systems are subjected to RF power that is performed in low or high pressure. The 

plasma is generated between two parallel electrodes, which are a capacitively coupled electrodes to 

control the reflected power (Figure 4-10). 

 

 

Figure  4-10: Schematic diagram of a PECVD. 

 

When RF power is applied between the two electrodes, an alternating electric field (AC power) is 

established where each electrode acts alternatively as a cathode and as an anode. As a result, free 

electrons are accelerated with sufficient kinetic energy (in the order of 10 eV) from the negative 

electrode to the positive electrode causing ionisation, excitation, and dissociation of an introduced gas. 

Some of the excited atoms, due to electron collisions, are relaxed back to a lower energy level, leading 

to the emission of photons, hence the plasma glow is observed during a PECVD process. Although, 

most of the transitions take place in the UV spectrum region that can excite the molecules to higher 
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electronic states, other collisions can also excite the gas molecules to higher vibrational or rotational 

states. The most important reactions for the deposition process are those, which can produce ionised 

species to sustain the plasma. The number of ions generated in the plasma is equal to those electrons 

achieving a quasi-neutral state overall, however not locally. 

 

4.2.2.2.b Collisions in the Plasma 

Energetic electrons play an important role in promoting electron-molecule collisions causing elastic 

and inelastic collisions. The most frequent collision in the plasma is elastic; however, it is inessential 

since there is no exchange in energy between the colliding particles. However, the exchange of energy 

between colliding particles results into inelastic collision. Inelastic collisions are occurred 

simultaneously in plasma and can be summarised as follow: 

 

1. Electron-neutral collisions. 

2. Neutral-neutral collisions. 

3. Ion-neutral collisions. 

4. Ion-ion collisions. 

5. Electron-ion collisions. 

 

Electron-molecule collisions are the reactions, which can cause ionisation, electronic excitation-

relaxation, and dissociation of the neutral gas molecules through the inelastic collisions.  

 Ionisation 

The ionisation state of a molecule or an atom is reached when they are collided by an energetic 

electron. When sufficient energy is transferred from the electron to the molecule or atom, it can break 

the electron from its orbital and leave the nucleus’s constraint. The generated ions can play a major 

part in the deposition process as well as sustain the plasma. This is known as electron impact 

ionisation process, which produces a positive ion (𝐴+) and two free electrons (𝑒−) as shown in 

Figure  4-11 and it can be expressed as:  

                                              𝒆− +  𝑨 →  𝑨+ + 𝟐 𝒆−                                   (4. 3) 
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Figure  4-11: Ionisation collision before and after electron impact (Adapted from [10]).   

 

 Excitation-relaxation 

When the energy transferred from the impacted electron to the atom or molecule is not enough to 

break the orbital electron and free the electron, the electron becomes excited to a higher orbital energy 

level. This process is known as excitation as shown in Figure  4-12 and it can be expressed as 

 

                                                                   𝒆− + 𝑨 →  𝑨∗ +  𝒆−                               (4. 4) 

 

Due to the short lifetime of the excited state, the excited electron falls from the excited orbital to the 

lower orbital and meanwhile release the extra energy in the form of a photon (ℎ𝜈) as light emission as 

shown in Figure 4-12. This process is called relaxation and it can be expressed as follow:  

 

 

                                                                   𝑨∗  →   𝑨 + 𝒉𝝂                                          (4. 5) 

 

Where, hν is the emitted photon energy, and h and ν are the Planck’s constant and the light emission 

frequency, respectively. 
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Figure  4-12: Excitation and Relaxation process (Adapted from [10]). 

 

 Dissociation 

When the energy transferred during the collision between an electron and a molecule is higher than the 

molecule’s bonding energy, free radicals are generated (Figure  4-13). This process is called as 

dissociation collision and can be expressed as 

 

                        𝒆− + 𝑨𝑩 → 𝑨 + 𝑩 +  𝒆−                             (4.6) 

 

In this expression, molecule represented as AB, and the generated free radicals after dissociation 

collision is represented as A, and B. These free radicals employ a strong tendency to grab an electron 

from the surrounding atoms or molecules which enhance the chemical reaction.  

 

 

Figure  4-13: Dissociation collision (Adapted from [10]). 
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In this work, the gaseous phase reactions that take place within the plasma are generated from a 

mixture of methane and ammonia gas to form perovskite material by exposing the initial layer PbI2 

thin film to the organic cation (CH3NH3
+
). It has been suggested that when the precursor gases (CH4 

and NH3) are mixed, the primary ions that can be produced as a result of ionisation and dissociation of 

their molecules are 𝐶𝐻4
+, 𝐶𝐻3

+, 𝐶𝐻2
+, and 𝑁𝐻3

+, 𝑁𝐻2
+, 𝑁𝐻+as they are required low energies to be 

produced [11]. These primary ions react rapidly with each other and with neutral molecules of 

methane and ammonia, resulting in the following reactions [11- 12]: 

 

 𝑪𝑯𝟒
+ +  𝑵𝑯𝟑 →  𝑵𝑯𝟒

+ +  𝑪𝑯𝟑           (4.7),                        𝑵𝑯𝟑
+ +  𝑪𝑯𝟒 →  𝑵𝑯𝟒

+ +  𝑪𝑯𝟑                     (4.8),                          

𝑪𝑯𝟑
+ +  𝑵𝑯𝟑 →  𝑵𝑯𝟒

+ +  𝑪𝑯𝟐            (4. 9),                        𝑪𝑯𝟐
+ +  𝑵𝑯𝟑 →  𝑵𝑯𝟒

+ +  𝑪𝑯                        (4. 10),                             

𝑪𝟐𝑯𝟓
+ +  𝑵𝑯𝟑 →  𝑵𝑯𝟒

+ +  𝑪𝟐𝑯𝟒       (4.11),                       𝑪𝟐𝑯𝟒
+ +  𝑵𝑯𝟑 →  𝑵𝑯𝟒

+ +  𝑪𝟐𝑯𝟑                (4.12),                         

𝑪𝟐𝑯𝟑
+ +  𝑵𝑯𝟑 →  𝑵𝑯𝟒

+ +  𝑪𝟐𝑯𝟐       (4.13),                       𝑪𝑯𝟒
+ +  𝑵𝑯𝟑 →  𝑪𝑵𝑯𝟑

+ +  𝟐𝑯𝟐                  (4.14),                          

𝑵𝑯𝟑
+ +  𝑪𝑯𝟒 →  𝑪𝑵𝑯𝟑

+ +  𝟐𝑯𝟐           (4.15),                        𝑪𝑯𝟒
+ +  𝑵𝑯𝟑 →  𝑪𝑵𝑯𝟒

+ +  𝑯𝟐 + 𝑯          (4.16), 

𝑪𝑯𝟑
+ +  𝑵𝑯𝟑 →  𝑪𝑵𝑯𝟒

+ +  𝑯𝟐            (4.17),                           𝑪𝑯𝟐
+ +  𝑵𝑯𝟑 →  𝑪𝑵𝑯𝟒

+ +  𝑯                    (4.18), 

𝑵𝑯𝟑
+ +  𝑪𝑯𝟒 →  𝑪𝑵𝑯𝟒

+ +  𝑯𝟐 + 𝑯 (4.19),                           𝑵𝑯𝟐
+ +  𝑪𝑯𝟒 →  𝑪𝑵𝑯𝟒

+ +  𝑯𝟐                 (4. 20), 

 𝑪𝑯𝟒
+ +  𝑵𝑯𝟑 →  𝑪𝑵𝑯𝟔

+ +  𝑯              (4.21),                           𝑵𝑯𝟑
+ +  𝑪𝑯𝟒 →  𝑪𝑵𝑯𝟔

+ +  𝑯                   (4. 22). 

 

It must be noted that at different pressures, the concentration of the species in the mixture and the RF 

power, can result into different concentration of by-products [12]. 

 

4.2.2.2.c PECVD Parameters  

The main plasma parameters that control the properties of a deposited thin film material include, RF 

discharge, chamber pressure, reactor geometry, pumping speed, substrate temperature and precursors 

flow rates.  This work is studied the effect of PECVD parameters on the properties of perovskite 

material (MAPbI3) towards finding the optimum parameters to deposit the material. The flow rate of 

the gases was kept a constant at 10 sccm for methane and 20 sccm for ammonia as well as the reactor 

geometry, such as the area of the upper and lower electrodes, and the pumping speed were also 

constant, while RF-discharge, chamber pressure and substrate temperatures were varied. 
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 RF Discharge 

The most PECVD systems use alternating polarity of the supplied power to deposit insulating or 

dielectric thin film in order to avoid floating potential at the surface of the substrate. The floating 

potential is normally formed in a DC power since the equal fluxes of electrons and negatively charged 

ions accumulate on the electrode (anode) and recombine with the positive/available ions. As a result, 

the insulator thin film starts to lose electrons as ions are neutralised on its surface, leading the potential 

to reach zero value. Once the insulator surface potential drops below the sustaining voltage, 

eventually, the DC discharge will quickly extinguish.  

To sustain a DC discharge, an alternating electric field AC power is applied between the two 

electrodes, each electrode acts alternatively as a cathode and as an anode. The accumulated positively 

charged ions on the electrode during the first half cycle could be neutralised by electrons 

bombardment during the second half cycle. The discharge could be only maintained at high frequency, 

as a temporary DC ‘self-bias’ voltage is obtained when the breakdown potential is surpassed on each 

half cycle of the AC supply (Figure  4-1 4). In this manner, the period of half cycle of the AC supply 

should be more than the time taken to charge the insulator and the frequency should be high enough to 

avoid the extinguish of the plasma. In other words, ions created close to the anode cannot approach the 

cathode before the field is reversed. 

The range of such frequencies, typically above 100 kHz, that can give the high-frequency discharges to 

sustain plasma, this range is closer to frequencies of transmitted radio signals, generally known as 

radio frequency, or shortly, RF discharges [13].  

 

 

 

Figure  4-1 4: development of DC bias and its relation to RF power (Adapted from [14]). 
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In Figure  4-1 4, it can be seen that the plasma potential (solid curve) is higher than the RF potential 

(dashed curve) in the positive cycle, however, in the negative cycle; plasma potential is maintained 

higher than the ground potential. Therefore, a DC potential difference is sustained between the bulk 

plasma and electrode (plasma sheath). Thus, ions travel in the electric field along a distance that is less 

than the thickness of the plasma sheath. A positively spaced charge is partially retained between the 

two half cycles of the alternating electrical field. This leads to the re-initiation of the discharge.  

A vast majority of frequencies used in RF-PECVD are higher frequencies (𝑓 >1MHz). Therefore, the 

plasma is stable and surface charging can be avoided as mentioned earlier. Generally, the accepted 

frequencies by the International Telecommunications Union (ITU) are found to be 13.56 MHz for 

radio frequency (RF) and 2.45 GHz for microwave (MW) [15]. The self-bias (Vb) generated depends 

mainly on the RF power input (𝑃𝑟𝑓) and chamber pressure (p) according to [16]: 𝑉𝑏 ∝  (𝑃𝑟𝑓 𝑝⁄ )
1

2⁄
 , 

however, it varies between 100 V to 1 KV [17].   

During the positive and negative cycles of the RF bias, a rapid change in the direction of the varied 

electric field is established. This electric field accelerates electrons and ions according to this 

expression [14]: 

                                                      𝒂 =
𝑭

𝒎
=

𝒒𝑬

𝒎
                                                    (4.23) 

 

Where F is the electric force applied on charged particles, q is the negative and positive electrical 

charge for electron and ion respectively, E is the internal electric field established by the external RF 

power, and m is the mass of the charged particles.  Due to the lighter mass of electron, which is much 

less than ion (of a factor of 1/10,000), it quickly responds to the varying electric filed exceeding 

10,000 times faster than ions [14]. This means that the electrons accelerate rapidly and begin collisions 

with the surrounding particles in each cycle of RF field. During these movements, electrons absorb 

most of the RF energy that is transferred as inelastic collisions into the molecules.  

The magnitude supply of RF power has a great impact on the deposition process. Since ions, that are 

the most important species of plasma, can gain a little more energy under the condition of lower RF 

power comparing to higher RF power. In this case, offering more times for ions to respond and gain 

higher energy, thus providing more energy for ion bombardment.  

 Chamber pressure 

The ion energy is also be affected by the chamber pressure. The variation of the pressure can change 

the mean free path (MFP,λ) of the particles, as shown in the following equation: 
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                      𝝀 =  
𝟏

√𝟐𝒏𝝈
                                                  (4. 24) 

 

Where n represents the particle density, and 𝜎 represents the collision cross section. When the particle 

density increases, the pressure in the chamber increases, which leads to a decrease in 𝜆, according to 

the expression above. In addition, 𝜆 can also be affected by the size of molecules in the plasma. The 

larger the size, the lower the MFP, this is because larger particles have a larger cross section.  

The MFP of electrons is two times higher than other particles present in the plasma, because of their 

smaller masses that have higher kinetic energies. Chamber pressure is a critical parameter since it can 

control the MFP. In addition, it alters the ion bombardment energy and direction which affect the 

deposition rate and stress within the film. 

 

4.2.2.2.d Plasma-Surface Interaction 

The properties of perovskite thin films are mainly dependent on how the plasma interacts with the 

exposed substrate surface. Ion bombardment can promote the surface reaction by providing 

appropriate required energy. It was mentioned previously, that ions can gain energy from the inelastic 

collision (see section 4.2.2.2.b). In addition, ions can obtain more energy from the interface region 

(donated as x in Figure  4-15) between the plasma bulk and the substrate surface, this region is known 

as plasma sheath where an electric filed is created. This electric field forms since the plasma sheath is 

electrically non-neutral, in contact to plasma bulk, therefor, a potential difference is established where 

a floating potential (Vf) is formed at the electrode with respect to the plasma potential (Vp). Since Vf < 

Vp , the potential difference across the sheath accelerates positive ions from the plasma towards the 

substrate surface, causing ion bombardment with energy 𝐸𝑖 = 𝑒(𝑉𝑃 − 𝑉𝑓), meanwhile some of the 

electrons are repelled. The existence of fewer electrons in sheath region results in fewer excitation-

relaxation collisions that emit fewer photons thereby causing reduction of intensity compared to the 

bulk plasma. Thus, the sheath region is dark. 
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Figure  4-15: Sheath potential nears the plasma surface (Adapted from [14]). 

 

In this research, PECVD system (Built in-house) was employed for the deposition of the organic 

cation part (CH3NH3
+
=MA) of perovskite material on the evaporated/spin coated PbI2 thin films (200 

nm/50 nm) in order to obtain MAPbI3. The effect of varying RF power from 5, 10, to 25 W was 

studied. Mass flow controller (MFC) was connected to the gas cylinders to regulate the flow of 

methane (CH4) and ammonia (NH3) gases, which were controlled at 100 sccm and 500 sccm, 

respectively. The precursor gases were introduced to the vacuum chamber through a gas inlet 

(showerhead). The chamber pressure was varied between (250 – 1000 mtorr). Plasma was observed, 

when RF power was applied between two electrodes in which the samples were positioned onto the 

grounded electrode. In this work, a range of temperatures from 50 to 120 ℃ was used to study the 

temperature dependence on perovskite films. The by-products were expunged from the system by 

pumping out with the help of the vacuum pumps connected to the PECVD system [18].  

 

4.2.2.3 Atmospheric Pressure Chemical Vapour Deposition (APCVD) 

It is argued that utilising single-source precursor for thin film production facilitates greater control 

over the stoichiometry of the film as well as synthesising a homogeneous material. The resulting films 

meet the exact stoichiometry as it is presented in the single precursor [19].  

4.2.2.3.a APCVD Parameters 

Generally, a CVD deposition process can be divided into three main sub-processes [18]: (1) the 

precursor delivery; (2) the precursor-substrate reaction; and (3) the exhaust management. In this work, 
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different deliveries’ systems were used such as, bubbler and piezoelectric controlled particle size. The 

delivery systems have been adjusted to meet their function, which is to sufficiently convert the liquid 

containing solid materials (PbI2 and MAI) into gas phase reactants. Therefore, the following discussion 

will be emphasised on the delivery mechanism to obtain a “vapour” from the liquid precursor by using 

physical concepts of bubbler and piezoelectric/ultrasonic transducer.  

 Bubbler 

A special container has been used not only to deliver the appropriate quantity of precursors to the CVD 

reactor but also to convert the precursors in the liquid to the vapour phase by a mechanism that is fed 

into the reactor.  In a simplest way, a hotplate is used in which the precursors containing beaker are 

heated above their boiling points. In this situation, the evaporation rate can be varied by varying the 

temperature. Another method is by using a ‘bubbler’ (Figure  4-16), in which a liquid is converted into 

a vapour by heating and bubbling in a non-reactive carrier gas passing through the solution which has 

a significant vapour pressure, therefore, the resultant gas carrying the precursor is derived into the 

reactor. Unlike the previous mentioned method, the evaporation rate in the bubbler system not just 

depends on the temperature of the precursor to alter the vapour pressure, but alto on the gas flow rate, 

the volatility of precursor, and the liquid level [18].   

 

 

Figure  4-16: Schematic of a bubbler system connected to a CVD. 

 

Hot plate 

Silicone oil  
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In Figure  4-16 it can be seen that a sealed container, ‘bubbler’, containing a dry carrier-gas inlet tube 

(dipped in the solution) flowed from the liquid, and another outlet tube positioned near the top right of 

the container for flowing the carrier gas and vaporising liquid out of the bubbler which is driven to the 

reactor. A uniform temperature is provided by immersing the bubbler in a beaker containing silicone 

oil. The bubbler concept depends on small bubbles formed by the carrier gas. A common carrier gas 

can be argon or nitrogen. The vapour reaches its equilibrium vapour pressure once the bubbles float to 

the surface of the liquid. When the equilibrium vapour pressure in a liquid exceeds the total pressure 

of the system, the vapour bubbles begin to displace the gas, and the liquid starts to boil. Due to the 

difference in pressure between the delivery system and the reactor, gas flow occurs from the higher 

vapour pressure within the bubbler to the lower pressure in the reactor (in the current work, 

atmospheric pressure) [20, 21]. Since the functioning of the bubbler depends on the height of the 

liquid level, the liquid level should not be lower than the end of the carrier gas tube; otherwise, the 

liquid will not be bubbled. A quartz or glass bubbler would be recommended to visualise the level of 

the liquid. However, for a bubbler made of stainless steel, a level sensor should be used for this 

purpose.  

Assuming a bubbler system contains an ideal binary mixture where Dalton’s and Raoult’s Laws apply, 

the vapour-liquid equilibrium (VLE) can be established according to: 

 

                                                          
𝑵𝑷

𝑵𝑪
=  

𝑷𝑷

𝑷𝑪
                                               (4. 25) 

 

Where 𝑁𝑃 and 𝑁𝐶  are the number of moles in precursor and carrier gas, respectively, and 𝑃𝑃 and 𝑃𝐶 

are the partial pressures (a part of the total gas pressure) of the precursor gas and carrier gas 

respectively.  According to Dalton’s law, Ptotal is expressed as: 

 

                                                        𝑷𝒕𝒐𝒕𝒂𝒍 = (𝑷𝑪 +  𝑷𝑷)                                       (4. 26) 

 

At atmospheric pressure (760 torr) and by substituting equation (4.26) into (4.25), the following 

equation would be: 

 

                                                               𝑵𝑷 =  
𝑵𝑪 × 𝑷𝑷

(𝟕𝟔𝟎− 𝑷𝑷)
                                        (4. 27) 
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At the room temperature and the atmospheric pressure, the molar flow of the precursor (FP) from the 

bubbler, in moles/s, based on known vapour pressure values can be calculated from the following 

expression:  

                                                              𝑭𝑷 =  
𝒇𝒄 × 𝑷𝑷

𝟐𝟐.𝟒 (𝟕𝟔𝟎− 𝑷𝑷)
                                        (4.28) 

 

Where 𝑓𝑐 is the flow rate of carrier gas in L/s. 

There is, however, a serious problem when bubbler is used for the transport of the precursor. In 

general, volatile compounds are considered as precursor along with heat treatment used for the 

bubbler. However, most solid materials are less volatile under standard atmosphere conditions. 

Therefore, modified delivery system is required to provide more energy required to transport the 

dissolved compounds contained in the solvent, in this work PbI2 and MAI. 

. 

 Piezoelectric Transducer 

Piezoelectric materials have gained more interest in the scientific community due to their use in the 

various applications such as transducers, acoustic devices, motion sensors and pressure sensors.  

Piezoelectric transducers are made from various materials that include traditional crystals such as 

quartz, and plastics such as polyvinylidenefluoride (PVDF), but the most of transducers are made of 

piezoelectric ceramics such as Lead Zirconate Titanate (PZT) [22].  

Energy has to be provided in such a manner that the liquid and the solids dissolved in the liquid have 

to be carried. When a solution is subjected to heat, mostly liquid will vaporise leaving behind the 

solid. If solid has to be transported, more thermal energy is required, however, in such conditions, 

liquid is initially transported and then solid is transported. Such process is undesirable for a CVD 

deposition process where all the contents in the precursor should be transported together at any given 

time. Such precursor should decompose and/or react at the surface of the substrate to form a desirable 

film.  Therefore, to provide more and/or appropriate energy that allows transportation (atomisation) of 

both the solvent and the solid material dissolved in the chosen solvent, a piezoelectric transducer was 

proposed in this research study.  

The piezoelectric transducers are electro-mechanical devices. They convert the electrical energy into 

periodic mechanical vibrations/waves) (Figure  4-17). The device was used in this work comprises of a 
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thin metal circular plate, which bonds a piezoelectric element with 20 mm in diameter and 0.01 mm 

thickness. The piezoelectric element contains a sintered body of poly-crystals of piezoelectric ceramic 

material which is sandwiched between two electrodes. The piezoelectric ceramic is made of PZT and 

the bottom metal plate is a metal alloy.  

 

 

Figure  4-17: Schematic of ultrasonic piezoelectric transducer and their components shows that 

applying electrical signal produces vibration of sound. 

 

When the AC voltage is applied to the piezoelectric disc, the poly-crystals present in the disc between 

the metal electrodes are distorted by a radial expansion in +ve cycle of the AC signal (Figure  4-18 (a)) 

and contraction at 0V and again a radial expansion in -ve cycle of the AC signal (Figure  4-18 (c)). As 

a result, the metal plate frequently bends up and down (Figure  4-18 (d)) corresponding to the motion 

of PZT (piezoelectric) ceramic crystals. This alternative bending of the metal plate is observed in both 

directions at the frequency of the applied AC voltage; thus, vibrations are produced. Liquid present on 

the top of the piezoelectric disc will form the droplets with a diameter that is defined by the resonant 

frequency of the chosen ceramic transducer. Therefore, the vibrations of the flexible piezoelectric disc 

will lead to the droplet formation. Deposition parameters can be altered by controlling the parameters 

of the applied AC signal. 
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Figure  4-18: Schematic of the deflection of transducer as a result of shear stresses employed by 

the piezoelectric element. 

 

To obtain a vapour of precursor contained in the solvent, small droplets of liquid (commonly called as 

mist) are required to be generated, which are reproducible and reliable. Generally, the droplet is 

ejected from the surface of the liquid precursor when is subjected to an energy (e.g. mechanical 

vibrations/ waves were used in this work). The external energy (e.g. electric field was used in this 

work) was supplied to the piezoelectric transducer to form such mechanical vibrations. As a 

consequence, a fountain (numerous microns sized liquid particles suspended above the surface of a 

liquid) was produced due to vibrations caused by the transducer [23]. 

The physical mechanism of the droplet formation (mist) is mostly based on the well-known capillary 

wave theory [24]. In fact, the capillary surface waves of the liquid experience a number of states 

before it is capable of producing droplets, which mainly depend on the frequency of the applied AC 

signal where the amplitude of the input signal, the surface tension and the viscosity of the liquid 

precursor are fixed. The states of capillary surface waves involving:   

 

 Non-ejecting turbulent state; occurs at low frequency. In this state, the initial smooth/flat 

liquid surface will change into periodic standing waves. 

 Droplet-ejecting state; occurs at sufficient high frequency. Large-amplitude waves are 

produced with upward direction that will tear/break up into droplets. 

+ 
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- 
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In fact, formation of a mist based on ultrasonic waves is not only governed by aforementioned effect 

of capillary surface waves but also the process is connected with the effect of the sonically induced 

cavitation waves. As mentioned above, the capillary wave of the droplet-ejecting state stands on an 

assumption that it occurs at high frequency where the droplets are released from Reyleigh instability 

arising at wave crests on the liquid surface [25]. The cavitation theory suggests that the implosions of 

tiny cavitation bubbles near the surface of the liquid lead to a disturbance in the surrounding liquid 

that induces the liquid particles to be scattered and spread around. The interaction of the effect of both 

waves (capillary and cavitation) results in the formation of droplets.  

In theory and based on the surface wave effect, the piezoelectric resonator parametrically launches 

capillary waves on the liquid/air interface. The increase of the input power that is supplied the 

piezoelectric crystal raises the amplitudes of these waves exponentially. As the waves’ amplitude 

growing up, the droplets will be distinguished and broken off from the crests of standing waves at a 

certain wavelength. In low-viscous liquids, the wavelength of the capillary waves can be expressed as: 

 

                                                                          𝝀 = 𝟐√
𝜸 𝝅

𝝆 𝑭𝟐 
𝟑

                                                                      (4. 29) 

 

Where 𝛾, 𝜌 and F represents the coefficient of surface tension, the mass density and the driving 

frequency of the ultrasonic transducer, respectively.  

The main advantage of such delivery of precursor is an ability to provide a steady flow of fine mist of 

the low-volatility precursor. Moreover, the frequency of the capillary waves that is formed at the 

surface determines the droplet size. Therefore, piezoelectric disc with appropriate resonant frequency 

is required to alter the size of droplet. However, it is worth to mention that these piezoelectric crystals 

do not resonate at fixed frequency value, and they have +/-5% tolerance, so a Gaussian distribution of 

droplet size in the produced mist is expected. According to a correlation factor between the mean 

diameter of droplets and the wavelength of capillary waves; the convenient relation is 𝐷 = 𝜆 3⁄ . By 

using equation (4. 29) it can be obtained that 

 

                                                     𝑫 =
𝟐𝝅

𝟏
𝟑

𝟑
(

𝜸

𝝆

𝟏

𝑭𝟐)

𝟏

𝟑
                                             (4. 30) 
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It should be noted that the excessive frequency energy is converted to heat. In this case, the liquid 

temperature within the nebuliser is increased [23, 26]. 

Discrete frequencies are required for vibrating the liquid layer in order to exert an additional restoring 

force on the surface layer and thus form capillary waves. At certain frequencies, the amplitude of the 

capillary waves traveling on the liquid surface is increased and droplets are ejected from the wave 

crests. In the other words, droplet is ejected when a critical oscillation frequency with appropriate 

amplitude causes the momentum of liquid in these standing waves to overcome the surface tension. 

Such waves are created with the use of piezoelectric crystal when it is subjected to applied AC signal. 

The small size of this powerful PZT disc is well suited for the generation of vapour phase of MAPbI3. 

The challenge now is to design a holder or disc mount that can accommodate this piezoelectric crystal. 

At this point and based on the physics of the operation principle, it is assumed that this new design 

would provide an appropriate energy required to form an equilibrium vapour that was not possible by 

conventional bubbler. This new technique provides better controllable deposition parameters than 

nebulizer that is used to obtain the material [27- 29]. This modification is advantageous with solid 

materials with less volatility.  
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Chapter 5 CHAPTER 5. Characterisation Techniques of Perovskite 

 

 

This chapter discusses the working principle of the methods that are used to characterise the thin-film 

materials including lead iodide (PbI2) and methylammonium lead iodide perovskite (CH3NH3PbI3). 

These characterisation techniques or methods were involved four main investigations; structural, 

optical, electrical and thermal that were be fully studied in order to gain full understanding of the 

fundamental properties of the thin film. These methods were provided appropriate parameters to 

obtain an optimised perovskite material for photovoltaic application.  

 

5.1 Structural Characterisation Methods 

5.1.1 Scanning Electron Microscopy (SEM) 

SEM technique is used to investigate morphology of a material at nanoscale with a resolution of 

~1nm. The SEM uses an electron beam that is generated by a metal filament such as tungsten. The 

images are constructed when electrons are focused onto a sample surface by a rastering process. The 

sequence of the interaction of the electrons with the material can result into different scattering 

mechanisms; elastic and inelastic scattering, which depend on the energy of the accelerated electron 

and sample density. Hence, a variety of emitted signals are observed from different penetration depths.  

Figure  5-1 illustrates the different interaction mechanisms between the incident electrons and the 

sample. The generated signals can be detected by various techniques such as X-ray diffraction (XRD), 

transmittance electron microscopy (TEM) and scanning electron microscopy (SEM) [1]. The SEM can 

be used to detect the secondary electrons (SE) and backscattered electrons (BSE) from the sample.  
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Figure  5-1: Electron beam- specimen interaction and their detected techniques. 

 

SE and BSE signals are originated from different scattering mechanisms. The SE signal is produced by 

an inelastic scattering, when a loosely-bounded electron of an atom gains an energy from the primary 

electron beam, once it bombards the specimen nuclei with low energy, typical 50 eV or less, resulting 

in atomic ionisation [1]. This scattering is presented in  

Figure  5-1- green dashed line. Due to the low energy of SE, it is scattered by the surface atoms of the 

specimen, giving detailed information of the surface structure by producing high resolution images.  

In contrast to SE, the BSE is produced when the incident electron beam undergoes large-angle-elastic 

collisions > 90
o 
[2],

 
as presented in  

Figure  5-1-black dashed curve. This is a consequence of the mass difference between the primary 

electron beam and the atomic nuclei of the specimen that changes the original trajectory of the incident 

electrons whilst conserves their kinetic energy. BSE is propagated deeply through the specimen before 

it is scattered by the subsurface layers, due to its high energy.  

A typical SEM consists of an electron beam gun, series of lenses, scanning coils and detector (see  

Figure  5-2). Electromagnetic and objective lenses are used to focus the electrons, while the coils are 

used to position the electrons over the sample surface. SE mode was used in this work to not only 
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acquire the topographical images but also the thickness of the thin film, which are collected from SEM 

(model Zeiss Evo 15, Leica S430) at De Montfort University. 

 

 

Figure  5-2: Schematic diagram of scanning electron microscope (SEM). 

 

5.1.2 Atomic Force Microscopy (AFM)  

AFM is a powerful technique employed to characterise the surface of the sample (semiconductor/ 

conductor/ insulator), such as, average grain size and surface roughness by using a sharp 

microfabricated tip with a radius of ~10 nm which is raster-scanned over sample surface acquiring 3D 

atomic resolution images [3]. This tip is mounted at the end of a flexible cantilever, see Figure  5-3 

(a). When the tip is scanned across the surface, it faces an attractive and repulsive forces; e.g. Van der 

Walls and coulomb forces [4]. Interatomic interaction forces fluctuate up and down the cantilever. To 

sense the cantilever bending, a laser beam is usually used which is reflected from the back of the 
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cantilever onto a photodetector, as depicted in Figure  5-3 (a). Detecting the laser deflection is 

processed to construct topographical surface images. Two tip/surface interaction modes of AFM are 

commonly used; contact mode and non-contact mode (Figure  5-3 (b)) [3]. 

 

 

Figure  5-3: (a) Schematic of AFM operating in contact mode and (b) the interatomic 

force in respect to the distance between tip and sample that showing two different AFM 

modes. 

 

In contact mode, the tip is brought in a close contact with the surface of a sample while it is being 

scanned over the surface. The tip is moved under a constant force that results in a constant deflection 

of the cantilever. As a consequence of the close interatomic distances, the electron cloud in the atoms 

repels each other electrostatically; such contact mode is considered to be repulsive in nature 

(Figure  5-3 (b)) [5]. Although, this mode is dominated by means of the repulsive Van der Waals 

force, an attractive force is also influenced by the sample [6]. The drawback of this mode is that the 

actual physical contact between the tip and sample can damage both the sample’s surface and the tip 

resulting in artefacts in the recorded image [7]. 

In non-contact mode, there is a distance between the tip and the sample surface (typically 50-150 Å), 

so that the attractive forces are dominated in providing morphological information of the sample 

(Figure  5-3 (b)) [4]. The vertical oscillation in relation to the surface, which is formed as a result of 

the Van der Waals forces, changes the oscillation amplitude, the resonance frequency and the phase of 

the reflected laser [7].   

(a) (b) 

e 
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A typical AFM instrument consists of a micro-mechanical cantilever probe and a sharp tip mounted to 

a piezoelectric actuator, laser diode and photo-detector that detects a laser beam reflected from the 

cantilever (Figure  5-3 (a)). In this work, Park System XE-100 with a non-contact mode is employed 

to acquire the morphology and the roughness of the sample’s surface. 

 

5.1.3 X-Ray Diffraction (XRD)  

The XRD technique is a non-destructive technique commonly used to determine the structural 

properties of a specimen; whether it has a crystalline structure (regular arrangement of atoms) or an 

amorphous structure (random arrangement of atoms). Furthermore, it is also used to determine other 

properties of a specimen such as phase structure (e.g. cubic, tetragonal, orthorhombic), atomic 

spacing, plane orientation, crystallite size, stress and strain within the material. 

 

 

Figure  5-4: Geometry of X-ray diffraction and the constructive interference resulted from the 

interaction of X-rays from a set of crystal planes present in the material. 

 

To generate the X-rays, an applied current (usually 37 mA) is required in order to heat up a tungsten 

filament [8]. As a result, electrons are generated and accelerated towards a copper target with an 

accelerating voltage of 8-40 kV [8]. Consequently, X-rays from the copper target are generated and 

incident towards the test sample where they are diffracted onto a detector. The X-rays diffraction on a 

three-dimensional lattice can be seen in Figure 5-4. The working principle is based on a constructive 

interference of monochromatic X-rays that are reflected from periodic arrangement of atoms, 
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positioned in crystallographic planes separated by a distance d [9]. From Figure 5-4, there is a 

difference in the path length (δ) between wave-1, -2, and -3 when these waves are reflected from the 

lattice’s interplanar (e.g. zeroth, first and second planes). The relation of variable path length to the 

interplanar spacing (d) and the reflected angle (θ) can be given as 𝛿 = 𝑑 sin 𝜃 [10]. Accordingly, the 

doubled path length difference is apparent between zeroth and second planes; 𝛿 = 2𝑑 sin 𝜃, and so on 

for n
th
 planes. Thus, the total path length difference is 2nδ which is only true when the waves are 

reflected under the same angle, resulting into a constructive interference of the reflected waves, known 

as Bragg’s condition, which is given by [10]: 

                                          𝟐𝒅 𝒔𝒊𝒏𝜽 = 𝒏𝝀,       𝒏 = 𝟏. 𝟐. 𝟑, …                                  (5. 1) 

 

Where 𝑑 is the interplanar spacing, 𝑛 is the integral order of diffraction line, and 𝜆 is the wavelength. 

This condition causes a single spike at a specific angle forming diffracted pattern that provides 

information about the physical structure of the test sample. If the incident angle corresponds to 

fractional ‘n’ (e.g. 0.5, 0.3, 0.56), the reflected waves will be out of phase that lead to a destructive 

interference [9]. 

In this work, the crystallographic structure of PbI2, CH3NH3PbI3 thin films were characterised by using 

XRD (Bruker 2D with Cu-K_X-ray radiation with λ of 1.5418 Å with 2 
o
/min scanning speed) at De 

Montfort University. The scanned angles (2θ) were selected to be in the range of 10-70
o
 where the 

diffraction peaks of PbI2 and CH3NH3PbI3 material are expected. 

 

5.2 Optical Characterisation Method  

5.2.1 Ultraviolet-Visible-Infrared (UV-Vis-IR) Spectroscopy 

UV-Vis-IR Spectroscopy is a broadly utilised instrument for the investigation of the optical properties 

of a material such as transmittance (T%), absorption (A), reflectance (R), scattering, bandgap (Eg), 

refractive index (n), extinction coefficient (k), dielectric constants (real (εr) and imaginary (εi)), and 

optical conductivity [11]. Three properties; T%, A, R, can be determined directly by measuring the 

attenuation of the light that can either be transmitted through the sample, absorbed by the sample 

and/or reflected from its surface, while the others are derived from these basic parameters [12].    

The electronic transition occurs in the molecules when the energy of the absorbed light is higher than 

or equal to the bandgap of a material. This means that the electrons gain enough energy to be excited 

from an occupied valence band to an unoccupied conduction band. However, the interaction between 

low energy wavelengths (e.g. IR) and the sample result in a molecular vibration. Therefore, incident 
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light could be transmitted or absorbed, reflected, scattered and/or undergo interference, which depends 

on the energy of E-M waves and the transparency of the material. 

Thermo Scientific Evolution 300 UV-Vis spectrometer was used in this study that has a dual beam. 

The light wavelength is in the range of 190 nm-1100 nm, so the ultraviolet, visible and near-IR were 

covered. The measurement of the referenced substrate was required as an initial step to obtain more 

accurate results for the deposited film.  

Percentage transmittance (T%) of the light at each wavelength can be calculated by the ratio of final 

intensity (I) to initial intensity (I0) of the incident light via the following equation [11]: 

 

 

                                                      𝑻 =
𝑰

𝑰𝟎
× 𝟏𝟎𝟎%                                                     (5. 2) 

   

In the case of measuring the absorbance, the relation between the absorbance and transmittance can be 

expressed as follows [13]: 

 

                                             𝑨 = − 𝒍𝒐𝒈𝟏𝟎 𝑻 = − 𝒍𝒐𝒈𝟏𝟎
𝑰

𝑰𝟎
                              (5. 3) 

 

Depending on the transmission and absorption spectra obtained from spectroscopy, the band gap is 

calculated using the Tauc equation [14]: 

 

                                                    (𝜶𝒉𝒗)𝒏 = 𝑨 (𝒉𝒗 − 𝑬𝒈)                              (5. 4) 

 

Since ℎ𝑣 = 𝐸, the above equation can be written as: 

 

                                                    (𝜶𝑬)𝒏 = 𝑨(𝑬 − 𝑬𝒈)                                  (5. 5) 

 

Where 𝛼 is the absorption coefficient, n is the distribution of state density assuming values of n=2 for 

direct band gap materials and n=1/2 for indirect band gap materials [15], 𝐸𝑔 is the optical bandgap, A 

a constant and E is the photon energy in electron volt (eV) given at a specific wavelength (𝜆) of the E-

M waves by ℎ𝛾 𝜆⁄ = 1240/𝜆; h is the Plank’s constant and c is the speed of ME waves in vacuum. 

Thus, 𝐸𝑔  can be determined by plotting (α𝐸)𝑛 on y-axis and (E) on the x-axis, the extrapolation of the 

linear part onto the x-axis (at y=0) gives the optical bandgap of the material. 
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In addition to the above mentioned Tauc method, a derivative method was also used in this work that 

is more precise method to find the 𝐸𝑔 when dealing with nanomaterials [16, 17]. In this method, a plot 

of the derivative of the transmittance with respect to photon energies (DT/DE) in y-axis against photon 

energy (Eph) in x-axis, hence at Eph = 𝐸𝑔 a minimum energy of photons should be recorded [16]. In 

this condition, spike towards negative infinity corresponds to the bandgap of the material.  

 

In equation (5. 3), α can be calculated using the Beer-Lambert law for thin films as follows [12]: 

 

 

                                                     𝑰 = 𝑰𝟎 𝒆−𝜶𝒅                                       (5. 6) 

 

By applying the logarithm on both sides of the equation (5.6), it becomes: 

 

                                                       𝜶 = −
𝟏

𝒅
𝒍𝒏

𝑰

𝑰𝟎
                                  (5. 7) 

 

Where I is the transmitted intensity of E-M waves and d is the film thickness. 

 

Theoretically, from the basic measurements (T, A and R vs 𝜆), many other properties of the material 

can be calculated, such as the refractive index, extinction coefficient, dielectric constant and optical 

conductivity. 

The following equation is used to calculate the refractive index [11]: 

 

                                  𝒏 = √(
𝟏+𝑹

𝟏−𝑹
)

𝟐
− (𝒌𝟐 + 𝟏) + 

𝟏+𝑹

𝟏−𝑹
                          (5. 8) 

 

Where R is reflectance and k is the extinction coefficient, which can be calculated by [11]: 

 

                                            𝒌 =
𝜶𝝀

𝟒𝝅
=

𝝀

𝟒𝝅𝒅
𝒍𝒏 (

𝟏

𝑨
)                                     (5. 9) 

 

Where 𝛼 is the absorption coefficient, d is the film thickness and A is the absorbance. 
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By using n and k values, two parts of dielectric constants including real and imaginary can be 

calculated as follows: 

The real part of dielectric constants is expressed as [11]: 

 

                                                     𝜺𝒓 = 𝒏𝟐 − 𝒌𝟐                             (5. 10) 

 

The imaginary part is as follows [11]: 

 

                                                      𝜺𝒊 = 𝟐𝒏𝒌                                        (5. 11) 

 

 

 

In terms of optical conductivity resulting from the movement of the excited electrons into the 

conduction band after absorbing the light, the following calculation could be used [11]: 

 

                                              𝝈𝒐𝒑𝒕 =  𝜶𝒏𝒄/𝟒𝝅                              (5. 12) 

 

Where 𝛼 is the absorption coefficient, n is the refractive index and c is the velocity of light. 

 

5.3 Electrical Characterisation Method 

Electrical characteristics are essential to be studied for the electronic devices such as solar cells, 

diodes, sensors, memories and their component materials. Therefore, this section focuses on the 

electrical methods or techniques that were used to determine the fundamental properties of the initial 

layer lead iodide (PbI2), the converted material- perovskite (MAPbI3) and for the solar cell. 

Current-Voltage (I-V) or Current density -Voltage (J-V) measurements provide the basic parameters 

that are required to understand the behaviour of material and device. These parameters involve the 

solar cell characteristics such as open-circuit voltage (Voc), short-circuit current (Jsc), fill factor (FF), 

leakage currents and power conversion efficiency (PCE) that can be obtained in illuminated condition 

[18]. Moreover, some more fundamental parameters can be determined from dark condition such as 

series (Rs) and shunt (Rsh) resistances, ideality factor (n), dark saturation current (Io) and rectification 

ratio (RR). These parameters could result from the perovskite itself or from the interface between the 
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active layer and its metal electrodes (anode and cathode) in a completed solar cell device as discussed 

in Chapter 3.  

 

In this work, a Hewlett Packard (HP) HP4140B picoammeter (current range from ± 1pA to 10mA) 

and DC voltage source (voltage range from ± 0 to 100V) were constructed for the J-V measurements. 

The J-V characteristics computer-controlled programs for automation were written by Prof. Shashi 

Paul. For illumination, Oriel 96005 150W from Newport was used that has a filter to supply 100 

mW/cm
2
 (AM 1.5). However, this light source, aged more than 20 years, that was tested recently by 

light intensity meter and its power was found to be 8.58 mW/cm
2
, which is considerably lower than 

the STC (100 mW/cm
2
) (see Chapter 3). Similar observation has been reported which states that a 

light source can be significantly reduced in power value over usage with time (years) [19]. The solar 

cell parameters were previously discussed in more details in Chapter 2. However, all these parameters 

and the photosensitivity that are possible to be detected from IV measurements are described here.  

 

5.3.1 Photoconductivity Measurements 

Photoconductivity measurements show the material’s response in light and dark conditions that is 

isolated inside a dark box. Therefore, the conductivity is increased when it is exposed to light as 

compared with dark conditions, due to electrons are gained enough energy and excited from VB to CB.  

Dark- and Photoconductivity measurements were performed using a sourcemeter, multimeter and a 

solar simulator with an AM 1.5 light source. This is measured by applying voltage between gap cell 

electrodes (100µm gap) – see Figure  5-5. Current on the y-axis and voltage on x-axis are plotted for 

each measurement. A comparison between the two curves (dark and light curves) is required to 

understand the electrical properties of the device. By applying the voltage, the current is flowed which 

should be higher in the illumination condition than that in the dark condition.  
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Figure  5-5: Schematic view of the setup for two probes J-V measurement for characterising thin 

film photoconductivity. 

This measurement was carried out several times during this study to understand the photosensitivity of 

each deposited layer, including the PbI2 thin film and CH3NH3PbI3 layer. A two-probe system is used 

for testing the sample before applying an appropriate voltage, starting with low voltages of +/-2V and 

+/-5V to avoid the destruction of the device (Figure  5-5). 

5.3.2 Solar Cells Characterisation 

Solar cell characteristics such as open-circuit voltage (Voc), short-circuit current (Jsc), maximum power 

output Pm and fill factor (FF) can be directly determined from a standard J-V measurement under 

illuminated condition. The ratio of Vmp and Jmp to Voc and Jsc gives a fill factor (FF) of the solar cell.  

Using the above parameters, solar cell efficiency that is denoted by 𝜂 can be expressed as follow [21], 

[22]: 

 

                                                    𝜼 =
𝑽𝑶𝑪𝑰𝑺𝑪𝑭𝑭

𝑬 𝑨𝒄
                                          (5. 13) 

 

Where the E is the incident sunlight energy (in Watt/cm
2
) and Ac is the solar cell surface area (in cm

2
) 

where the light falls (collector area). 
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5.4 Thermal Characterisation Technique 

5.4.1 Thermo-Gravimetric Analyser (TGA) 

There are a number of thermal analysis techniques such as differential scanning calorimetry (DSC), 

differential thermal analysis (DTA), thermogravimetric analysis (TGA), thermomechanical analysis 

(TMA) and dynamic mechanical analysis (DMA) [23, 24]. Among these techniques, TGA, Perkin 

Elmer Pyris-1 is used in this work to examine thermal stability of PbI2 and perovskite materials by 

measuring and recording the weight loss in the material with gradual increase in the temperature up to 

the desired value. The decomposition temperature, purity of material, composition of multi-

component, the kinetic energy of decomposition reaction and estimated material lifetime can be also 

examined.  

Typically, TGA instrument consists of thermobalance system to monitor the weight changes as a 

function of change in temperature, which involves furnace, temperature controller and electronic 

microbalance [23]. A range of temperatures can be applied with a specific heat rate in controllable 

atmosphere (e.g. Argon, Nitrogen, air and/or Oxygen) to record the weight changes with a resolution 

of 0.1 microgram. Several conditions can affect the resultant data such as the sample properties, its 

weight and the atmosphere used [25]. Argon or nitrogen gas is commonly used to prevent oxidation of 

a chosen material. To investigate the degradation of the organic part (CH3NH3I) and the inorganic part 

(PbI2) of perovskite material, the applied temperature was in the range of room temperature and 700
o
C 

under nitrogen atmosphere. The TGA collected data of PbI2 powder, which is presented in Figure  5-6 

(a), showed one-step decomposition process at temperature of 400
o
C. The construction of this 

instrument is presented in Figure  5-6 (b).  

 

 

Figure  5-6: (a) Determine the decomposition of PbI2 powder by TGA (b) illustration of a typical 

TGA system. 
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Chapter 6 CHAPTER 6.  Structural, Morphological and Optical Behaviour of Lead 

iodide (PbI2) Thin Films                                                                                                                                                               

 

 

6.1 Introduction 

As discussed in Chapter 2, despite perovskite thin films being deposited by several methodologies 

including single- or sequential- step process, their stability is still needed further improvement. Two-

step sequential deposition of the perovskite is a promising route offering more controllable 

morphology. However, the morphology and properties of the final material (CH3NH3PbI3) are mainly 

depended on the physical properties of the initial layer (lead iodide (PbI2)) as well as on the method 

that is used to convert the initial layer into perovskite. Therefore, it is vital to investigate the physical 

properties of the PbI2 layer prior to applying the second step.  

Herein, two-step deposition was employed to achieve one of the main goals and novelty of this 

research which was synthesising perovskite material by the help of a plasma-enhanced chemical 

vapour deposition (PECVD). To achieve that, PbI2 layer was initially deposited, followed by the 

conversion of the PbI2 layer to perovskite (CH3NH3PbI3). The work presented in this chapter was to 

provide in detail the first step of the deposition and the second step thereafter (in Chapter 7). Two 

methods, that were: spin-coating and thermal evaporation were employed for the deposition of the 

inorganic part of perovskite (lead iodide, PbI2). The instruments and working principles of both 

techniques were discussed previously in Chapter 4. This chapter will further address the 

characteristics of PbI2 films which were performed in order to investigate their crystallinity, 

morphology and optical properties using XRD, SEM, AFM, and UV-VIS-IR spectroscopy that were 

discussed in Chapter 5.  

6.2 PbI2 Thin Films Deposition 

Lead iodide (PbI2) has shown paramount interest in the scientific community owing to its unique 

characteristics in the field of radiation detector for X- and 𝛾-rays and optoelectronic devices [1-4]. 

However, the PbI2 has been a key inorganic material for use in perovskites which may have a 

significant effect to enhance the stability of the final material, since it can accommodate the organic 

molecules within its crystal structure. PbI2 is an anisotropic semiconductor with a bandgap of 2.3-2.4 

eV, it is formed by two elements that have a high atomic number (ZPb = 82, ZI = 53) [5]. These two 
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elements are arranged in hexagonal crystals of I-Pb-I covalent bonded layers stacked by weakly van-

der-Waals bonds forming polytypes [6, 7].  

 

In this work, PbI2 was considered a partial part of the active perovskite layer (CH3NH3PbI3) of the 

solar cell and required to be initially deposited. Then, the PECVD technique was used to deposit 

methyl ammonium (CH3NH3) (the organic component of the active perovskite layer) into PbI2 thin 

film using gaseous precursors. Therefore, the bandgap of the active layer will be appropriate for the 

photovoltaic applications (~1.6eV) (see Chapter 2). There are several fabrication procedures that have 

been used by scientific researchers to obtain PbI2 thin films that include spin coating [8], dip coating 

[9], thermal evaporation [10], electron beam evaporation [11], sol-gel [12] and doctor blade technique 

[13].  

An attempt to investigate an uniform film of PbI2 with an approximate thickness of 200 nm that was 

determined from an extensive review of the literature will be explained in this section [14-16]. 

Initially, due to the cost-effectiveness and simplicity, spin-coating method was used for the 

preparation of PbI2 thin film where commercially available yellow powder PbI2 (99.999% purity with 

Particle size <10 nm) (purchased from Sigma-Aldrich), with molecular weight 461.01 g/mole and 

density 6.16 g/mL was used without further purification.  

6.2.1 Spin-Coated PbI2 Thin Films and its Characterisation  

6.2.1.1 Solubility Test of PbI2 

Due to the requirement of a pure liquid precursor for the above-mentioned deposition technique, the 

solubility test of PbI2 was carried out. The selection of an appropriate solvent and the concentration of 

solution were essential to completely dissolve PbI2. In addition, it was important to avoid/prevent the 

formation of any new reactions between the solute and the solvent that may produce a different 

compound. In view of this, 2.5 mg of PbI2 with 1ml of the variety of organic and inorganic solvents 

were used (details are reported in Table 6.1). 

With different conditions, as mentioned in Table 6.1, four solvents were dissolved the PbI2 at different 

time periods in the ultrasonic bath. These solvents were propan-2-ol (IPA), Chloroform, Dimethyl 

sulfoxide (DMSO) and N,N-Dimethylformamide (DMF). In the first two solvents, PbI2 powder was 

found to be settled at the bottom when left unattended for 10 min. DMSO and DMF were the two 

optimum solvents that dissolved PbI2 completely. 

From this test, it was also observed that DMSO dissolved PbI2 quicker than DMF. Approximately 15 

minutes sonication in an ultrasonic bath dissolved PbI2 in DMSO, whereas, in DMF an additional 15 

minutes was required to dissolve the equal amount of PbI2. This could be attributed to the strong 
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coordination between Pb-O with a bond length of 2.38 Å in DMSO as compared to 2.431 Å in DMF, 

resulting from the high value of the dielectric constant of DMSO, which is 36.7 and 46.6 for DMF and 

DMSO respectively [17-19]. Therefore, a higher internal electric field in DMSO would help to 

dissolve PbI2 faster as it was observed in this research study.  

 

      Table 6.1: Solubilises of PbI2 in the variety of solvents 

 

 

The rich-yellow colour solution was obtained when 1ml of DMF was used as a solvent to dissolve 

18.4 mg of PbI2, but, the colour of the solution when PbI2 was dissolved in DMSO was not similar (i.e. 

not yellow colour). The colourless transparent solution was obtained when 9 mg/ml solution was 

prepared in DMSO. Whereas, the colour was changed to light brown with a higher concentration (18.4 

 

 

SOLVENTS Sonication 

for  

30 min 

Sonication 

for 1 hour 

Heating 

at 70 
º
C 

for 30min 

Magnetic 

Stirring + 

Heating 

(70 
º
C) 

Kept on table 

(10min) 

1 DI Water Insoluble Insoluble Insoluble Insoluble  

2 IPA 2 Partially 

soluble 

Suspension   Settled down 

3 Acetone Insoluble Insoluble Insoluble Insoluble  

4 Methanol Insoluble Insoluble Insoluble Insoluble  

5 Ethanol Insoluble Insoluble Insoluble Insoluble  

6 Dichlorobenzene Insoluble Insoluble Insoluble Insoluble  

7 Chloroform Partial 

dissolve 

Suspension   Settled down 

8 Benzene Insoluble Insoluble Insoluble Insoluble  

9 DMSO Soluble Soluble   Soluble 

10 DMF Soluble Soluble   Soluble 
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mg/ml) of PbI2 in DMSO. This was an interesting phenomenon, which might be due to the reaction of 

PbI2 and DMSO molecules (C2H6OS) that could lead to a new/other by-product in the solution [21, 

22].  

One of the important properties of a solvent that was influential in this work was its boiling point 

which is 187 
º
C and 154 

º
C for DMSO and DMF, respectively. Choice of solvent used for preparing a 

solution should show three key features which include (1) a solute should dissolve in a solvent, (2) 

solute and solvent should not take part in a new reaction producing a different compound and (3) 

solvent should evaporate quickly leaving behind the material. Considering these requirements, the 

appropriate solvent to dissolve PbI2 in this work was DMF. 

 

6.2.1.2 Experimental Procedure 

PbI2 was dissolved in DMF in a concentration of 55.2 mg/3ml gradually and sonicated for 30 minutes 

to yield a homogenous solution. The Corning 2875 glass and 4"diameter B-doped p-type silicon of 

thickness 500-550 µm with a resistivity of 1-20 Ωcm and orientation <100> substrates were used after 

cutting/cleaving to obtain ~2 cm
2
 piece and then subjected to cleaning process as described in 

Chapter 4. Si wafer substrates were used as sample substrates for SEM and AFM analysis to have 

better resolution images, while glass substrates were used for another analysis such as XRD, optical 

and electrical measurements.  

PbI2 thin films were deposited by, static dispenses mode of the spin-coating technique, to ensure the 

full coverage onto the substrate. Then, it was spun at 3000 rpm for 30 seconds, where it was produced 

the best uniform films with full substrate coverage. In order to evaporate the DMF solvent that was 

adsorbed on the surface or among the crystal planes, a post-thermal treatment was required. To select 

the optimal temperature, thermogravimetric (TGA) analysis of PbI2 dissolved in DMF was made in a 

form of paste and then used. The TGA thermogram curve, shown in Figure 6-1, was obtained under 

continuously flowing nitrogen at a flow rate of 20 mL/min and steady constant heating rate of 20
º
/min 

for temperatures between a minimum of 30 
º
C to a maximum of 700 

º
C. It can be seen that from 

Figure 6-1 there are two main weight loss processes. The TG test revealed that PbI2 • DMF began 

thermal decomposition at temperature of 70 
º
C and was completed at around 112 

º
C with the release of 

DMF from the material [23]. The material was continued to decompose at a temperature above 400 
º
C 

corresponding to the Iodine vaporisation [24]. Considering this notion, the spin-coated PbI2 films were 

thermally annealed in the air atmosphere at 70 
º
C [16] for different time durations, 60, 120, 180, 240 

and 300 minutes. The control sample was not annealed and was used as a reference to compare and 

understand the effect of annealing on the structural and optical properties.  



 CHAPTER 6.  Structural, Morphological and Optical Behaviour of Lead iodide (PbI2) Thin Films 

 

117 

 

 

Figure  6-1: TGA analysis of PbI2 • DMF. 

 

6.2.1.3 Structural Characterisation 

Figure  6-2(a) depicts the x-ray diffraction pattern of the PbI2 thin films by spin-coating technique 

before and after annealing at 70 
º
C for different time durations. It was important to mention that the 

prepared films were exhibited four diffraction peaks at 2𝜃 = 12.8
º
, 25.4

º
, 38.1º and 52.6

º
 which were 

corresponding to the reflection from the (001), (002), (003) and (004) planes of the hexagonal PbI2 

crystal structure [10, 12, 25]. In comparison with the XRD patterns of the as-purchased PbI2 powder 

shown in Figure  6-2 (b), one might note that the prepared films were showed diffraction peaks along 

(00l) planes only, implying that the prepared PbI2 films were showed a prefential orientation along the 

c-axis direction perpendicular to the glass substrate [5].  
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Figure  6-2: The XRD diffraction patterns of the (a) annealed PbI2 thin films and (b) purchased 

PbI2 powder from Sigma-Aldrich (A=15). 

 

The effect of annealing time on the lattice constants of the lead iodide films was investigated through 

the calculation of lattice constants according to Bragg’s law [26, 27] 

 

𝝀 = 𝟐𝒅𝒉𝒌𝒍 𝐬𝐢𝐧 𝜽                           (6.1) 

 

Where 𝜆 is the wavelength of the XRD source, d is the interplanar spacing and 𝜃 is the diffraction angle. 

This equation can be written in the form: 

10 20 30 40 50 60

0

2

4

6

In
te

n
si

ty
 (

a
.u

.)

()

(0
0

1
)

(0
0

2
)

(0
0

3
) (1

1
0

)

(0
0

4
)

(1
0

2
)

(1
1

5
)

(1
0

3
)

(2
0

5
)

(1
1
A

)

(b) PbI2 powder

 

 

(1
0

7
)

10 20 30 40 50 60 70

5

10

15

20

0 min

60 min

120 min

180 min

240 min

300 min

(0
0
4
)

(0
0

3
)

(0
0
2
)

 

()

In
te

n
si

ty
 (

a
.u

.)

(0
0
1
)

(a)



 CHAPTER 6.  Structural, Morphological and Optical Behaviour of Lead iodide (PbI2) Thin Films 

 

119 

 

 

                
𝟏

𝒅𝒉𝒌𝒍
𝟐 =

𝟒𝒔𝒊𝒏𝟐𝜽

𝝀𝟐                                  (6.2) 

 

For the hexagonal crystal structure, the lattice constants a and c may be given by [17, 26] 

 

          
𝟏

𝒅𝒉𝒌𝒍
𝟐 =  

𝟒[𝒉𝟐+𝒉𝒌+𝒌𝟐]

𝟑𝒂𝟐 +
𝒍𝟐

𝒄𝟐                   (6.3) 

 

Combining eq. (6.2) & (6.3) one may get 

 

 

𝒔𝒊𝒏𝟐𝜽 = [
𝝀𝟐

𝟑𝒂𝟐  (𝒉𝟐 + 𝒉𝒌 + 𝒌𝟐)] +
𝝀𝟐𝒍𝟐

𝟒𝒄𝟐            (6.4) 

 

Since all the lead iodide films were grown along the (00l) planes, equation (6.4), may be summarized 

as 

 

                                                           𝒔𝒊𝒏𝟐𝜽 =
𝝀𝟐𝒍𝟐

𝟒𝒄𝟐                                      (𝟔. 𝟓) 

 

The calculated lattice constant, c, for the annealed films at various durations is presented in 

Figure  6-3. However, the relative intensity (I002/I001) against the annealing time is also presented in 

Figure 6-3. It was clearly seen that both the lattice constant and relative intensity were followed the 

same behaviour, where both were decreased up to annealing time of 120 min and then started to 

increase. This behaviour might be attributed to the fact that the annealing at 70 
º
C below the optimum 

time (120 min) resulted in the evaporation of the solvent along the PbI2 planes with the annealing time 

when the solvent was completely evaporated at 120 min, the crystal size was tended to slightly 

increase due to the Ostwald ripening effect [28-30]. This observation was confirmed by calculating the 

crystallite size of the lead iodide particles at different annealing durations according to the 

Williamson-Hall method [31]: 

                 𝜷 𝒄𝒐𝒔Ѳ = 𝜼 𝐬𝐢𝐧 Ѳ +
𝑲𝝀

𝑫 
                             (6.6) 
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Where D is the crystallite size and η is the microstrain. The values of the crystallite size and lattice 

microstarin were estimated from the plot of β cos θ versus sin θ (not presented here) and obtained the 

crystallite size (Kλ/D) from the y-axis intercept and the microstrain (ε) from the slop. The values of 

the crystallite size and lattice microstarin are presented in Figure 6-4. 

 

Figure  6-3: The relation between the lattice constant and relative intensity (I002/I001) against the 

annealing time of the PbI2 thin films deposited by the spin coating technique. 
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Figure  6-4: The crystallite size and strain within the lattice of the PbI2 thin films were annealed 

at 70 ℃ for different duration time from 0 to 300 min. 
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The crystallite size was found to be 10.8 ± 0.1 nm along with the annealing time range from 0 to 120 

min, followed by an increase of the crystallite size to 12.1 nm up to the annealing time of 240 min 

(Figure  6-4 blue line). However, the red line in Figure  6-4 illustrated the lattice microstrain that was 

decreased from 0.085 to 0.04 when the annealing time was increased from 0 to 120 min followed by 

an increase to 0.095 at the annealing time of 240 min. The decrease of the microstrain and the 

unchanged crystallite size below 120 min, confirmed time of 120 min was required to evaporate the 

DMF solvent that was present along the crystal planes and reduced the strain on the lead iodide crystal 

planes. Above the optimum time, the lead iodide crystals were started to grow and their crystallite 

sizes were increased [32].  

 

6.2.1.4 Morphological Characteristic 

To further understand the above observations, the surface morphology and topography of the 

deposited films at various annealing times were investigated by means of SEM and AFM 

measurements. Figure 6-5 shows a cross-sectional SEM image view for the deposited films at various 

annealing times. Notably, the as-deposited film was showed a smooth surface. The increase of the 

annealing time was resulted in an increase of the grain size and then the surface became rougher. The 

mean thickness of all films was found to be around 50±3 nm. Figure 6-6 depicts the AFM topography 

of the films at all annealing times. One might note that below the annealing time of 120 min, the root 

mean square roughness of the deposited films was around 1.7±0.2 nm. For the annealing time above 

this optimum time, the root mean square roughness started to increase to 2.4 nm, 3.5 nm and 4.6 nm at 

annealing times of 180, 240 and 300 min, respectively.  

 

Figure  6-5: Cross-sectional SEM images of the PbI2 thin films annealed at 70
o
C for various time.  
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Figure  6-6: AFM images of the PbI2 thin films annealed at 70
 º
C for various time. 

 

6.2.1.5 Optical Characteristic 

To investigate the influence of the annealing time on the optical properties of the c-oriented lead 

iodide thin films which were prepared by the spin-coating, the transmittance and absorbance spectra 

were measured along the spectrum region 300-1100 nm as shown in Figure 6-7 (a). It was noted that 

all films were showed high transparency above 550 nm with an  average value of 85%. Moreover, the 

annealing time did not show a significant change in the transparency along the visible and near IR 

spectrum region. The absorption spectra of the prepared films was showed a shoulder peak around 498 

nm which was ascribed to the band-to-band transition (from VB to CB) that was corresponding to the 

transition/excitation energy of 2.45 eV. The absorption coefficient of the annealed films was in the 

range of 10
5
 cm

-1
. The higher absorption coefficient value of 1.33× 10

5
 cm

-1 
was achieved

 
at the 

optimum annealing time of 120 min as shown in Figure 6-7 (c). 
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Figure  6-7: (a) Transmittance of PbI2 thin films deposited by the help spin coating technique at 

different annealing duration, (b) the absorbance of the PbI2 spin-coated films and (c) the values 

of absorption coefficient for the annealed PbI2 thin films at 2.5 eV. 

 

The value of the optical band gap for the annealed films was estimated by using Tauc’s relation [33]  

 

            (𝛼ℎ𝑣)𝑛 = 𝐴 (ℎ𝑣 − 𝐸𝑔)                               (6.7) 

 

Where a is the absorption coefficient, h is a Plank’s constant, A is a constant and Eg is the energy 

bandgap. Since the PbI2 is a direct band gap semiconductor [5, 12, 34], the exponent value (n) in the 

Tauc relation substituted by n=2 [35, 36]. Therefore, one may get 

(c) 



 CHAPTER 6.  Structural, Morphological and Optical Behaviour of Lead iodide (PbI2) Thin Films 

 

124 

 

 

(𝜶𝒉𝒗)𝟐 = 𝑨 (𝒉𝑣 − 𝑬𝒈)                (6.8) 

 

Figure 6-8 (a) depicts the Tauc plot for the annealed films at various durations. The estimated values 

of band energy gap versus the duration of annealing are presented in Figure 6-8 (b). The average 

value of optical band gap was showed a slight increase up to the optimum annealing time of 120 min 

from 2.4 eV to 2.45 eV, followed by a decrease from 2.45 eV to 2.41 eV.   This behaviour confirmed 

the fact that the evaporation of the solvent among the planes of PbI2 crystal structure caused a change 

in the lattice constant and in turn a decrease of the crystallite size. This decrease of the crystallite size 

resulted in increasing of the optical band gap up to 120 min. Once the solvent was completely 

evaporated an increase of the lattice constant and in turn, the crystallite size was led to a decrease of 

the band gap [37]. 

 

Figure  6-8: (a) Plot of Tauc relation and (b) The variation of optical band gap of PbI2 thin films 

at different annealed durations at 70 
º
C.  

0 60 120 180 240 300

2.40

2.41

2.42

2.43

2.44

2.45

O
p
ti

c
a
l 
b
a
n
d
g
a
p
 (

e
V
)

Annealing time (min)

(b)

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
0

1x1011

2x1011

3x1011

4x1011

(
h

)

(
c
m

-1
e
V

)2

Photon Energy (eV)

 0 min

 60 min

 120 min

 180 min

 240 min

 300 min

(a)



 CHAPTER 6.  Structural, Morphological and Optical Behaviour of Lead iodide (PbI2) Thin Films 

 

125 

 

The optical conductivity is a concept for a material response to the incident photons and hence 

optically excited transitions can happen, the optical conductivity of the annealed PbI2 films was 

determined from the relation [33] 

        𝝈𝒐𝒑𝒕 = 𝜶𝒏𝒄 𝟒𝝅⁄                (6.9) 

 

Where 𝛼 is the absorption coefficient, n is the refractive index and c is the velocity of light.  

Figure 6-9 shows the relation between optical conductivity and photon energies for annealed films. It 

was obvious that the conductivity of the material was increased with the energy of photons in certain 

photon energies starting from the band gap of the PbI2. The maximum optical conductivity was 

2.6 × 1016 𝑆−1 at the optimum annealing time of 120 min at a photon energy of ~2.75 eV. Then, the 

conductivity decreased for photon energy higher than 2.75 eV. This was argued to the fact that as the 

wavelength of photons decreases, their associated energy increases. That means high energy photons 

will be absorbed near the surface of the film, whose absorption is less compared to low energy 

photons.  In addition, at energy 2.5𝑒𝑉 ≤ 𝐸 ≤2.75eV the electrons that were excited to the sub-levels 

located above the CB tended to change the direction of momentum to reach the minimum of CB) [38]. 
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Figure  6-9: Optical conductivity of PbI2 thin films versus photon energy. 

 

Optical constants of the PbI2 thin films were calculated, as it was an important parameter to understand 

their atomic interactions with a range of wavelengths of light. According to these interactions, 

dispersion of the light was observed. Hence, a scattering of light would reduce the amount of light 
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being absorbed by the material. Which was determined by mathematically calculating the extinction 

coefficient formula shown below [33, 39]: 

                                                   𝐤 =
𝛂𝛌

𝟒𝛑
=

𝛌

𝟒𝛑𝐝
𝐥𝐧 (

𝟏

𝐚
)                                       (6.10) 

 

Where 𝛼 is the absorption coefficient, d is the film thickness and a is the absorbance. The refractive 

index value is related to the local polarizability of the material and the velocity of light when it 

propagates within the material compared to the space. The following equation can be used to calculate 

the refractive index [33, 40]: 

                                             𝐧 = √[
𝟒𝑹

(𝑹−𝟏)
−  𝒌𝟐] - 

𝐑+𝟏

𝐑−𝟏
                                       (6.11) 

Where R is the reflectance and k is the extinction coefficient. 

Figure 6-10 showed that at lower wavelengths the maximum value of the extinction coefficient and 

refractive index were obtained due to an anomalous dispersion [41, 42]. A certain amount of energy 

will be consumed during the oscillation of electrons. However, the transition of an electron may not 

happen unless the frequency of the electron is the same as the electromagnetic radiation [43]. Hence, 

the coupling of electrons is achieved then the electronic transition is occurred [44]. From Figure 6-10, 

the k value of annealed thin film for 120 min was determined to be 0.8 and the n value was determined 

to be 6. These results were close to those of evaporated films of PbI2 [5, 45, 46].  
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Figure  6-10: Optical constants of PbI2 thin films: extinction coefficient and Refractive index 

versus wavelength. 

The dielectric constants of PbI2 thin films provide more information at the microscopic scale. These 

constants determine the permittivity and polarizability of a material that is affected by the density of 

states located within the forbidden gap. The real and imaginary parts of the dielectric constant were 

calculated for each film as follows [39] and presented in Figure 6-11 

                                       𝜺𝒓 = 𝒏𝟐 − 𝒌𝟐                                                     (6.12) 

                                           𝜺𝒊 = 𝟐𝒏𝒌                                                       (6.13) 

It was clear that the real and imaginary dielectric constants were presented the similar behaviour. 

However, the real dielectric constant value was higher than the imaginary. The highest values were 
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observed around the bandgap region as a result of the highest rate of the absorption of the incident 

photons, followed by a decrease at low photon energies because of the decrease of the photons 

absorption. The average values of the real and imaginary dielectric constants of PbI2 thin films which 

were treated thermally for 120 min were ~27.3 and ~6.35, respectively. The obtained values of the 

dielectric constants were in a good agreement with others [47, 48]. 
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Figure  6-11: Dielectric constants of PbI2 thin films: a real part and Imaginary part versus 

photon energy. 

 

Having considered the analysis on the films at different annealing time, it was discovered that film 

annealed at 120 min was possessed a suitable structure for the continuous growth of perovskite 

material. In a further study, this film will be considered for the use for the subsequent experiment that 

will be presented in the next chapter (Chapter 7). 

 

6.2.2 Thermal-Evaporated PbI2 Thin Film 

After consulting available literature, it was understood that the thickness of PbI2 thin film should be 

thick enough to achieve the growth of perovskite film. In this study, a 200 nm thickness of PbI2 film 

cannot be deposited by spin-coating, therefore, the thermal evaporation technique was explored to 

deposit such PbI2 thickness due to its relatively low melting and boiling points, which are 402 
º
C and 

954 ºC, respectively [14-16]. The advantages of using this technique over spin coating were that a 

uniform defined film thickness can be achieved which was hard to obtain in the formerly mentioned 

technique. This was the motivation for choosing the thermal evaporation compared to the spin-coating 

as well as improving the film purity since this deposition technique was performed in a vacuum. 

Therefore, the possibility of cross-contamination of the resultant film was less compared to the wet 

deposition methods, in this case, the spin coating [49]. 
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6.2.2.1 Experimental Procedure 

The same source of the PbI2 powder that used for the spin coating was used for the thermal 

evaporation. The powder was placed on a tungsten boat. Cleaned Glass and silicon (Si) substrates 

were loaded into the evaporation chamber that was exposed to PbI2 vapour. The system was under a 

vacuum of 2 x 10
-6

 mbar. At such pressure, the current was applied to the tungsten boat which was 

heated to a temperature higher than the boiling point of PbI2 powder (954 ºC).  The deposition 

conditions are given in Table  6-2. 

Table  6-2: A summary of the deposition conditions. 

Vacuum 

(mbar) 

Substrate to film gap 

distance (cm) 

Deposition rate 

(nm sec
-1

) 

Applied electric 

current (A) 

2 x 10
-6

 10 ~ 0.5 to 1.0 20 

 

6.2.2.2 Structural Characterisation 

Figure  6-12 depicts the x-ray diffraction pattern of PbI2 thin films that were deposited on a glass 

substrate by both techniques; thermal evaporation (the red colour) and spin-coating (the blue colour). 

The main diffraction peaks of the hexagonal crystal structure of PbI2 were dominated by (00l) where l 

= 1,2,3,4 lattice planes [25, 50]. This data showed the same signature/diffraction peaks of a spin-

coated film. The thin-films obtained from the two techniques (spin coating and evaporation processes) 

had strong prefential orientation along the c-axis (00l) direction [50], with no difference observed in 

the formed structure. However, the discrepancy in the peak broadening and intensity of the dominant 

peak at ~ 12.63
o 

could be clearly observed between the two methods that implied increase in the peak 

intensity and the width of the PbI2 thin film obtained by the evaporation process in comparison to the 

spin-coated film. The increase in the peak intensity might be attributed to the thicker film which was 

obtained from the thermal evaporation process or to the fact that the thermal evaporation technique 

was provided thin film with bigger crystallite size, in contrast to a spin-coated film [25]. This 

observation was confirmed by increasing the mean crystallite size of PbI2 particles and reducing the 

lattice strain. The crystallite size and lattice strain were extracted from the XRD data and the obtained 

average values were approximately 34.97 nm and 0.005, respectively. However, the width of the peak 

in the evaporated film became broadened compared to the spin-coated film indicating that the 
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coexistence of amorphous and crystalline regions which were appeared within the evaporated PbI2 

matrix as shown in Figure 6-12. 
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Figure  6-12: The XRD diffraction patterns of the thermal-evaporated and spin-coated PbI2 thin 

films. 

 

6.2.2.3 Morphological Characteristic 

The scanning electron microscopy (SEM) images of a 200 nm-thick PbI2 polycrystalline thin films 

deposited using the thermal evaporation were carried out. Figure 6-13 reveals that the surface 

morphology of the evaporated film was plate-like grain structures [25, 51]. The PbI2 crystal 

arrangement produced voids in-between the grains as can be seen that clearly in Figure  6-13 (b) [14].  
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Figure  6-13: Top view SEM images of evaporated PbI2 thin film at different magnification (a) 

15,000 x and (b) 27,000 x. 

 

This variation in the film’ morphology resulted from the different growth orientations of the hexagonal 

shaped plate-like grains. In the spin-coated films, the c-axis crystals growth was oriented parallel to a 

substrate plane, while the orientation became varied in the films creating such inter-grain voids 

(Figure 6-13). Mainly, the I-Pb-I covalent monolayer begins to grow parallel to a substrate plane (in-

(a) 

(b) 
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plane) and build of  a new monolayer in the perpendicular direction to c-axis via the construction of 

van der Waals bonding (Figure  6-14 (a)) [7]. Such crystallographic orientation has been observed in 

the solution growth of PbI2 crystals [38]. Thus, it could be explained by the homogeneity surface of as-

deposited spin-coated PbI2 film as was observed from SEM and AFM images (Figure 6-5 and 

Figure 6-6). In the evaporated film, the formed monolayer could act as a substrate for growing new 

nuclei which can further grow new crystals in the perpendicular direction to the substrate plane (out-

of-plane) as can be seen in Figure 6-14 (b). The reason for such varied growth orientations might 

come from the exothermal heating of the reverse sublimation (deposition) which elevates the substrate 

temperature [7]. Similar growth characteristics were observed when the substrate temperature was in 

the range of 180- 210 
º
C [7]. This morphology could facilitate the diffusion of the organic cation 

(CH3NH3
+
) through the intergrain voids, and thereby promote the conversion into perovskite. These 

observations were similar to the literature [14, 25, 52]. 

 

 

Figure  6-14: A schematic diagram of the variation of growth mechanism obtained in PbI2 

polycrystalline thin films which were resulted in different grain orientations with respect to the 

deposition methods; (a) spin-coated PbI2 film and (b) thermal-evaporated PbI2 film.  

 

6.2.2.4 Optical Characteristic 

In order to investigate the optical properties of the films, transmittance spectrum for the range of light 

wavelengths (300-1100 nm) was measured as presented in Figure 6-15. A sharp absorption onset/edge 

was observed around 520 nm corresponding to a sharp electronic transition at the bandgap of PbI2 and 

then the transmittance was increased with higher wavelengths [53].  
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Figure  6-15: Transmittance spectrum of the thermal-evaporated PbI2 thin film. 

 

The optical properties including absorption coefficient, band gap, optical conductivity, optical 

constants and dielectric constants of the thin films were estimated and extracted from the transmittance 

spectra. Figure 6-16 shows the absorption coefficient of PbI2 and the respective band gap that was 

estimated by Tauc plot. Exponential decay of the absorption coefficient was observed with increasing 

wavelength. A higher absorption coefficient value was showed at the visible region, as high as 10
5
  

cm
-1

 corresponding to an onset of the direct interband transitions from the valence to conduction band 

[53], while the strength of absorption was decreased with increasing the wavelength (decreasing the 

photon energy) as most of electrons did not have sufficient energy to excite to the conducted level 

through its bandgap. The estimated direct band gap value was found to be 2.65 eV.  The increase in 

the bandgap of the evaporated film in respect to the bandgap of the spin-coated films (~2.45 eV) may 

be attributed to the increase in the structural disorder of the atomic arrangement within the evaporated 

PbI2 film, as it was observed from XRD data that the film was contained an amorphous and 

polycrystalline matrix. Such disorder structure in the evaporated film comparing to as-deposited film 

by spin coating technique was further investigated  
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Figure  6-16: (a) the thermal-evaporated PbI2 absorption coefficient and (b) its band gap 

extracted from Tauc plot. 

 

The disordered grains/structures can produce deep defect levels near the conduction band minima 

which is governed by Urbach tail [54]. Therefore, tail localised states which are generated within the 

optical bandgap can be empirically analysed with the tail width by the following expression [54] 

                                       𝒍𝒏 𝜶(𝒗) =  
𝒉𝒗

𝑬𝒖
+ 𝑪                                        (6. 14) 

Eq. (6.14) is an exponential relation between the absorption coefficient (α) of the Urbach energy (Eu) 

and the photon energy (hν). It can be determined the Eu from the reciprocal slope of the linear part in 

the plotting curve between the logarithm of (α) versus (hν) as shown in Figure 6-17. It can be seen 

that from Figure 6-17 the increase in the tail width (Urbach energy) for the evaporated film 

(Figure 6-17 (b)) in contrast to the spin-coated film (Figure 6-17 (a)) may be attributed to the 
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evaporated film has more an amorphous structure in nature. This result in a good agreement with the 

result that was obtained from XRD analysis.   
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Figure  6-17: determination of the energy tail or Urbach energy (Eu) from the plot of ln (α) versus 

photon energy of as-deposited films by (a) spin-coating and (b) thermal-evaporation techniques.  

 

The relationship between the optical conductivity and the photon energies is shown in Figure 6-18.  It 

was obvious that the PbI2 conductivity increased with the photon energy starting from the energy 

bandgap. A broad shoulder/band was observed at energy 2.75𝑒𝑉 ≤ 𝐸 ≤  4.5eV which showed an 

exponential increase of the conductivity where the maximum optical conductivity was achieved at 

1.2x1016 𝑆−1. Then, the conductivity decreased for the photon energy higher than ~4.3 eV. This was 

argued to the fact that at energy higher than 4 eV the electrons tend to change the direction of 

momentum to enable their transitions to the excited level (CB).  
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Figure  6-18: Optical conductivity of thermal-evaporated PbI2 thin films versus photon energy. 
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The refractive index (n) and the extinction coefficient (k) for the evaporated film were extracted from 

its transmittance to understand the microscopic atomic interactions. Figure 6-19 showed that the n and 

k dispersion curves that exhibit two kinds of dispersion (anomalous and normal) with respect of the 

wavelengths. At low wavelengths (λ < 520 nm), the anomalous dispersion region of n and k were 

shown where the energy of photons was equal or higher than the energy bandgap which produced 

electronic transitions [41, 42]. Figure 6-19 showed that the conductivity was increased with the 

energy of photons starting from the bandgap of the film. A further increase of n and k at higher 

energies indicated more electronic transitions occurrence. The reason for the absence of the normal 

dispersion at lower wavelengths after the band edge could be a consequence of the absorption which 

was shown by the substrate at λ<300 nm. The maximum k value was found to be 0.13 which was 

much lower than the spin-coated film. The n value was increased from 1.2 to a maximum value of 10 

that was higher than the film prepared by the spin-coating. On the other hand, the absorption decreased 

in the material at higher wavelengths/ lower energies (the infrared region), in which the values of n 

and k were decreased exponentially referring to the normal dispersion and absorption of some amount 

of photons at the grain boundaries.  
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Figure  6-19: The refractive index (n) and extinction coefficient (k) in the function of wavelength 

for an evaporated PbI2 thin film. 

 

The interactions between electrons and photons at each wavelength can be described by the dielectric 

constants. The real and imaginary parts of the dielectric constant of the evaporated PbI2 thin film were 

calculated (Figure 6-20). These results followed the same trend with the values of the real and 
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imaginary dielectric constants of 90 and 2.5, respectively. However, the real part had higher value than 

the reported value in the literature [47, 48].  
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Figure  6-20: The dielectric constant (a) real and (b) imaginary in the function of photon energy 

for an evaporated PbI2 thin film. 

 

6.3 Summary 

PbI2 thin films were prepared by the spin-coating and the thermal evaporation techniques on glass and 

silicon substrates. In spin coating, a post-annealing step was required to extract the solvent (DMF) 

from the film. The 50nm films that were deposited by the spin-coating were annealed at 70 
º
C under 

different time intervals. On the other hand, the 200 nm films were deposited by the thermal 

evaporation. The structural, morphological and optical properties of the spin-coated and evaporated 

films were investigated. The XRD measurement was showon that the deposited films were tended to 

grow along the c-axis. Bigger crystallite size and lower microstrain with the formation of amorphous 

and polycrystalline matrix were observed in the evaporated films. The density packed crystals growth 

in the spin-coated film was observed, while the plate-like grain structure with the present intergrain 

voids was observed in the evaporated films which might induce the intercalation of an organic 

compound into the lattice to form perovskite. The optical transmittance property of the two materials 

was measured using UV-VIS spectroscopy. The measurement allowed for the determination of other 

optical properties such as refractive index, optical conductivity, dielectric constants and dielectric loss. 

An increase in the bandgap of the evaporated film implied that, there was a direct correlation between 

the disordered structures of the atomic arrangement within the film having more amorphous behaviour 

in contrast to the spin-coated film. Understanding of the discrepancy in the properties of films which 
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were prepared by different methods (spin-coating and thermal evaporation) enabled to further 

comprehending of the effect of the film’s nature on the subsequent deposition. The investigation 

carried out in this chapter was on the initial step of the perovskite materials deposition. The next 

chapter was dedicated to a study of the detailed properties of the resultant films “perovskite materials” 

that were deposited by the PECVD process. 
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Chapter 7 CHAPTER 7.   PECVD Growth and Optimisation of Perovskite  

 

 

7.1 Introduction 

 

The previous chapter (chapter-6) was devoted to discuss the properties of PbI2 thin films deposited by 

two different methods; spin-coating and thermal evaporated techniques; which It was termed as the 

initial deposition step of perovskite material. This chapter describes the second deposition step that 

was used to introduce the organic part (CH3NH3
+
) onto PbI2 thin film in order to synthesise perovskite 

material (CH3NH3PbI3) using RF-PECVD reactor. To the best of our knowledge, this novel 

methodology to grow CH3NH3PbI3 thin film has not been reported in any literature. Thus, it is vital to 

understand the growth dynamics and how the variation of PECVD growth parameters affects the 

structural, optical and electrical properties of the resultant films. Different characterisation techniques 

including XRD, UV-VIS, I-V were used in order to study the effect of this novel growth on the film 

properties. As it is known that the PECVD process is chemical process and all the thermodynamic 

parameters (such as temperature, pressure, molar concentration, average ion energy, etc) will have a 

strong influence on the properties of the deposited films. The effect of some of PECVD parameters 

that is discussed here includes: 

 Variation in the substrate temperature. 

 Variation in the RF- power. 

 Variation in the chamber pressure. 

 

7.2 PECVD Growth  

The second step deposition, to realise perovskite material, was performed in a RF-PECVD reactor 

with methane (CH4) and ammonia (NH3) gases as the precursor source of CH3
+
 and NH3

+
 ions to 

induce the conversion of PbI2 film into CH3NH3PbI3 film. The gas flow rate of both gases was 

controlled by MFC to set the flow rate at 10 sccm and 20 sccm for CH3 and NH3
 
respectively, for all 

experiments. NH3 gas concentration was chosen to be higher than the CH4 gas to prevent the formation 

of carbon film [1]. It is reported that the use of ammonia gas has resulted in an increase in the 

deposition temperature boundary > 500 ℃ of carbon phase formation [2]. This means that at a low 

deposition temperature < 500 ℃, the amorphous carbon (a-C) and the weakly bonded carbon atoms as 
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well as the small graphitic fragments that present in the plasma, would be etched and possibly avoid 

the formation of graphene layers.  

Using PECVD tool, the effect of different mixture of these gases (CH4/ NH3) was studied on the 

properties of amorphous hydrogenated carbon-nitrogen (a-C(N):H) films [3, 4] and nitrogen-doped 

amorphous hydrogenated carbon (a-C:H(N)) films [1, 5]. However, this is the first study using this 

mixture as a source of the organic part (CH3NH3
+
) for synthesising such perovskite since PECVD has 

the ability to generate highly  reactive ions (e.g. CHm
+
 and NHm

+
) and free radicals (e.g. CHm

0
 and 

NHm
0
) of the sources that are required to convert PbI2 thin films into perovskite material 

(CH3NH3PbI3). The likely scheme of producing perovskite materials, using PECVD technique, is 

shown in Figure 7-1. The energy supplied by the RF power will lead to highly reactive  ions generated 

from the collisions between high energetic, electrons and the molecules of CH4 and NH3 that may 

result in a production of the primary ions, which include CH4
+, CH3

+, CH2
+, and NH3

+, NH2
+, NH+ [6]. 

As a consequence of a succession of reactions between the primary ions and neutral species, secondary 

ions would be formed, which in turn react with each other to form other ions (see chapter 4, section 

4.2.2.2.b) [6].   

 

Figure  7-1: schematic of the predicted processes occurring during convert pbi2 thin film into 

perovskite via reacting with a CH4 / NH3 discharge. 
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To simplify the plasma chemistry process that may occur when PbI2 thin film is exposed to a CH4 / 

NH3 discharge, the reactions that are taken place can be divided into two processes: 

 The chemical chamber reactions (electron-molecule reactions such as excitation, dissociation, 

and ionisation (see chapter 4)). 

 The chemical surface reactions (absorption, desorption, etching/sputtering). 

 

In the PECVD chamber, the reaction commences once the gases are introduced into the PECVD 

reactor and exposed to the RF power (Figure 7-1). Neutral radicals and both positive and negative ions 

are produced by a plenty of electron-molecule collisions. On the first half-cycle of the field, the 

positively charged electrode attracts more electrons, while there is an attraction of the positive ions at 

the negatively charged electrode. On the second half-cycle, the reversal of the polarity of the 

electrodes is established which results in attracting electrons to the positively charged electrode and 

repelling the positive ions. The continuous bombardment of the negative charges on the electrodes and 

the wall of the chamber in each subsequent half-cycle leads to a continuous repulsion of further 

negative flux. Thus, there is an attraction of positive ions [7]. As a result, the radical species are 

diffused into the PbI2 surface, whilst the negative ions are confined in the bulk plasma leading to the 

recombination of these negatively charged ions with the positively charged radicals and thus forming 

small clusters. In addition, due to the negative potential of the substrate surface relative to the plasma, 

the positive ions are accelerated towards the PbI2 surface by the sheath plasma potential created at the 

plasma-PbI2 surface interface [7].  
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Figure  7-2: Schematic diagram of the capacitively-coupled RF-PECVD geometry where a 

blocking capacitor is used with two electrodes of different areas, together with presenting the 

developed potential distribution. 

The creation of the sheaths near the two electrodes with a negative self-bias relative to the plasma is 

due to the variety of the charge distributions and their relative electric field between the plasma bulk 

and the surrounding surfaces as was explained in Chapter 4. It is worthy to mention that the potential 

distribution across the sheaths is nonsymmetric because of the grounded electrode has a bigger area 

causing the powered electrode to have much more negativity (Figure  7-2). However, the plasma is 

leaving at a higher potential than both electrodes due to the fast diffusion of electrons out of the 

plasma than ions as shown in Figure  7-2. The asymmetry of the PECVD system leads to minimising 

the bombardment effect of ions at the substrate surface. 

Surface reactions have a significant influence on the plasma chemistry and the thin film growth. The 

variety of the surface chemistry in this study is strongly depending on the morphology, temperature of 

the PbI2 surface and the energy of the incoming particles. The heating of the substrate surface is not 

only the source of its temperature but also the inner parameters such as an energy flux resulting from a 

particle bombardment as well as the chemical surface reactions and the heat radiation which play a 

role in the surface thermal energy [8]. The resultant substrate temperature has a great influence on an 

elementary process such as adsorption, desorption, and diffusion as well as other chemical reactions 

that might have caused sputtering of PbI2 film and/or the growing/converting film [9]. In view of this 
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and for the sake of ease of representation, it is assumed that the positively charged ion of CH3
+
 or 

NH3
+ 

is accelerated towards the PbI2 thin film. The basic reactions of such ions with surfaces may 

occur as it is illustrated in Figure 7-3.  

 

Figure  7-3: Schematic of surface reaction of energetic positive ions and neutral species with PbI2 

thin film. 

 

The ion is accelerated across the potential that is built up between plasma and electrode (sheath 

region) toward the surface of PbI2 thin film gaining a substantial amount of kinetic energy from the 

sheath potential. A consequence is that when the ion collides with the surface, it is neutralised by 

emitting secondary electron which serves as a source for sustaining the plasma. In addition, the ion 

energy is transferred to the lattice of PbI2 crystals in two ways; (1) electron loss- occurs in which 

electronic collisions are taken place through ion interactions with the PbI2 electrons, causing an 

excitation and an ionisation. (2) nuclear loss- occurs when the incoming ion interacts with the lattice 

atoms. However, the most important surface reaction that results from the impinging ions is the 

nuclear loss since the electron loss is much smaller [10]. In the nuclear loss, the transfer of ion’s 

energy into the lattice can be occurred through collision cascades of moving lattice atoms. Such 

cascades can promote chemical reactions by undergoing a number of reactions such as radiation-
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enhanced diffusion of implanted ions, backscattering of the incident ion, a bond breakage and an atom 

displacement causing a lattice damage as well as sputtering. 

Two kinds of sputtering can occur; (1) physical- occurs in which the momentum transformation takes 

place between the incoming ion and surface atom during the collision cascade. According to the 

energy and momentum conservation law, this leads to the transformation of ion energy to a surface 

atom. If the gained energy is exceeding the atom surface binding energy, the atom will be sputtered 

from the surface and created dangling bonds which serve as preferred chemisorption/adsorption sites 

(defect site) for other incoming species that is, in turn, contributed to the film growth. (2) chemical- 

results in the formation of a volatile species from the deposited material. This type of sputtering will 

be formed when the incoming ion or incident reactive neutral particle interacts with the atom below 

the surface (within the film). In such case, the reacted species needs initially to diffuse to the film 

surface and then leave the film. These volatile species can be either generated by ion-neutral reaction 

when the ion is reacted with neighbouring displaced atoms (for instance CH3
+ 

ion recombines with 

iodine atom producing CH3I that releases from the film [11]) or via the reaction of an incident neutral 

particles with the dangling bonds (defect sites), which were generated by collision cascade on the PbI2 

surface and within the film [12]. These ion-neutral reactions are exploited either in an anisotropic 

etching which was observed in this study when high RF power densities (44, 55 mW/cm) and low 

pressures (250-500 mTorr) were applied or in an ion-assisted film growth when these sputtered atoms 

redeposit the thin film. 

The transfer of ion’s momentum to the film is another important process taking place during 

ion/surface interaction. This process can cause heating and generation of defects in the film surface.  A 

consequence is that it would enhance self-diffusion or mobility of an adatom on a surface (surface 

migration) which is an important concept in the perovskite phase formation.  

The reaction mechanism of the neutral particles/ PbI2 surface can occur in different ways than what 

can occur in high energetic ions/ PbI2 surface reaction, as shown in Figure 7-4, due to the low kinetic 

energy of neutral particles.  
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Figure  7-4: Schematic of the interactions between the one neutral species (CH3) and the PbI2 

thin film during PECVD process. 

 

These neutral particles involve those particles which were created by the chemical reactions in the 

background gaseous and the etched products (sputtered atoms and volatile species; resulted from the 

ion-neutral reactions) [8]. This neutral particle may be physiosorbed, chemosorbed or reflected from 

the surface with a surface reaction probability (β); β = γ + s= 1 – r. The following reaction 

probabilities (γ, s, r) may occur [8]: 

 The probability of recombination (γ) (physisorption) at the surface and hence the production 

of volatile species such as CH3I, HI.  

 The probability of sticking (s) by the formation of a chemical bond with the surface 

(chemisorption) that is incorporated into the film growth.  

 The probability of reflection (r) after impinging onto the substrate surface and reflecting back 

to the bulk plasma 

In this study, three main parameters were varied, including the substrate temperature, the chamber 

pressure, and the RF-power towards finding the optimum parameters for an effective conversion of 

PbI2 to CH3NH3PbI3. The effect of each parameter, in turn, with the others held constant on the 

physical structure, optical and electrical properties of the growth has been investigated through 

methods described in Chapter 5. The following subsections discuss separately the effect of the 

PECVD parameters on the resultant films. 
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7.3 Effect of Deposition Parameters on PbI2 Thin Films 

In chapter 6, the properties of two sets of PbI2 thin films; spin-coated films and thermal-evaporated 

films were investigated. The difficulty encountered with the spin-coating technique was that control of 

the film thickness and uniformity due to most of the liquid precursor was ejected off the substrate 

resulted in the formation of the inhomogeneous film with ultrathin thickness. This problem made this 

technique an inappropriate to use where the layer thickness required more than 50 nm. And, needless 

to say, a uniform film is crucial to grow the MAPbI3 perovskite material. A thicker layer of PbI2 of 200 

nm was required to achieve the growth of perovskite thin film as proposed in the literature [13, 14]. 

Therefore, thermal-evaporated PbI2 thin films might be a potential candidate for the growth of 

perovskite films. 

One of the fundamental steps in the PECVD process towards producing MAPbI3 perovskite material 

with controllable morphology, structural properties and compositions is a growth temperature.  

Although the annealing temperature of the PbI2 films promotes/induces the reactions between the 

organic ions and the molecules of PbI2, it also has a profound effect on the microstructure of the 

resultant film as well as on the PbI2 stability [15-17]. Therefore, prior to investigating the possibility of 

growing perovskite material by RF-PECVD technique at different substrate temperatures, it is vital to 

understand PbI2 decomposition behaviour as a function of temperature. 

The study of the thermal stability of PbI2 material is inherently important to avoid its decomposition. 

The information about the decomposition temperature for PbI2 material can be obtained via 

thermogravimetric analyses (TGA). The TGA thermogram curve, as shown in Figure 7-5, was 

obtained under continuous flowing of nitrogen at a flow rate of 20 mL/min with a steady constant 

heating rate of 20
o
/min for a range of temperatures between a minimum of 30 ֠C

 
to a maximum of 700 

֠
C. It can be seen from Figure 7-5  that PbI2 decomposes in a single step. A noticeable weight loss at 

above 400 ֠C corresponds to the volatilisation of the iodine gas phase with the complete decomposition 

to Pb metal [18] as depicted in the following equation:  

                                                   𝑷𝒃𝑰𝟐

∆
→ 𝑷𝒃(𝒔) + 𝑰𝟐(𝒈) ↑                                    (7. 1) 



 CHAPTER 7.   PECVD Growth and Optimisation of Perovskite 

 

151 

 

 

 

During a RF-PECVD process, the required temperature for the growth process is not only provided by 

the external heating source, but the energy transferred from the ions bombardment also promotes 

further heat which elevates the substrate temperature. Therefore, this study was carried out at substrate 

temperatures of ≤ 150 ֠C suppling from a Honeywell temperature controller which was attached to the 

PECVD reactor.  

Since this growth method was being firstly utilised for the perovskite growth, the extensive 

investigations have been conducted. These investigations including studying the effect of the variation 

in the substrate temperatures on the growth as well as the chamber pressure and RF- power. The 

following sections evaluate the effects of individual process variables on the growth properties, 

physically, optically and electrically. 

 

7.3.1 Effect of the Variation in the Substrate Temperature  

One of the most important parameters affecting the conversion of PbI2 thin films to perovskite material 

is the temperature of the initial layer during the deposition. Diffusion of organic cation into PbI2 is 

mainly governed by the substrate temperature [16, 19].  

 In order to evaluate the influence of the temperature on the growth, PbI2 thin films were annealed at 

five different temperatures between 50
o
C to 150

o
C. Other PECVD parameters that were kept a 

constant were presented in Table 7.1 and the films were resulted from these experiments can be seen 

in Figure 7-6. 
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Figure  7-5: TGA curve for PbI2. 
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Table 7.1: PECVD parameters were used to study the effect of the variation in the substrate 

temperatures.  

RF- power 

density 

(mW/ cm
2
) 

Chamber 

pressure 

(mTorr) 

CH4 flow rate 

(sccm) 

NH3 flow rate 

(sccm) 

Deposition 

duration (min) 

22 1000 10 20 60 

 

 

 

Figure  7-6: An optical image of grown films deposited at a range of temperatures. 

 

It is evident from the image that the temperature has an important influence on the growth obtained at 

temperatures of 50 ֠C -120 ֠C or etching film (observed at 150 ֠C). It is noticeable from the above image 

that the colour was changed indicating that a reaction between the PbI2 thin films and the energetic 

organic ions created by plasma was taken place during the deposition. 

7.3.1.1    Structural Characterisation 

To investigate the crystallinity of the grown films and the effect of a variation of the temperatures on 

their microstructures, X-ray diffraction analysis of these samples was performed. The samples were 

prepared on 200-nm-thickness of PbI2 coated glass substrates. The XRD pattern of samples can be 

seen in Figure 7-7 which confirms the chemical and structural changes over a range of temperatures 

(50 ֠C, 80
 
֠C, 100

 
֠C, 120 ֠C, 150 ֠C) were occurred.  

It can be seen from the XRD data, the sample was deposited at 50 ֠C (Figure 7-7 (a)) did not show a 

significant difference, however with raising the temperature, some new peaks were appeared. At 80
 
֠C 

(Figure 7-7 (b)), the intensity of the PbI2 peaks increased, which was attributed to an increase in the 

80oC 100oC 120oC 150oC Reference 50oC 



 CHAPTER 7.   PECVD Growth and Optimisation of Perovskite 

 

153 

 

crystallisation and grain size of the partly amorphous PbI2 film, caused by the thermal treatment [20]. 

Moreover, there are clear peaks of (004) and (220) splitting from (200) peak of the perovskite cubic 

phase, as it can be seen in the inset magnified plot in Figure 7-7 (b), which confirms that this sample 

possess a tetragonal structure which is most critical to a solar cell operation [21, 22]. The XRD pattern 

of a deposited sample at 100
 
֠C (Figure 7-7 (c)) shows the main characteristic peaks of perovskite at ~ 

14.2
o
, ~ 28.1

o
 and ~ 28.7

o
 which are corresponding to the (110). (004) and (220) diffraction planes of 

tetragonal CH3NH3PbI3 crystals [23, 24]. Apart from the perovskite, the PbI2 crystalline phase was still 

presented. Moreover, an increase in the intensity of the characteristic peak of PbI2 was noticed for the 

temperature range from 50 to 120
 
֠C, confirming an increase in the amounts of excess PbI2 that does 

not involve in the reaction [25]. It can be indicated that PbI2 formed a separate crystalline phase 

instead of being incorporated in the perovskite structure [25]. The reason for that could be (i) due to 

the duration of PECVD process and/or the substrate temperature were not enough, which undermined 

the incomplete nature of the reaction [26, 27] or (ii) due to the reaction temperature and/or the 

exposure time to plasma slightly longer than the required time to complete the conversion into 

perovskite material, which results in the formation phase of perovskite may decompose into PbI2 [28, 

29]. To find out the real issue, a further increase in the substrate temperature was suggested, while 

keeping the deposition time a constant at 60 min. Remarkably, the perovskite formation was destroyed 

by a further increases in the substrate temperature to 120
 
֠C (Figure 7-7 (d)) and it has been pointed 

out that diffraction peaks of metallic Pb have appeared in the film [30]. The suggestion is that at such 

high temperature (120
 
֠C) some of the iodine atoms were etched from the surface after the breakage of 

the Pb - I bonds. This could be due to the fact that an ion bombardment on the substrate surface 

provides an extra energy, making the Pb - I bond more loosely and easy to break. Therefore, breaking 

the chemical bond of Pb – I with the aid of energy transferred from those ions together with the 

elevation of the substrate temperature result in etching of the iodine atoms and leaving behind the Pb 

atoms. PbI2 is being fully etched from the substrate surface at higher temperature (150
 
֠C), resulting in 

no material left on the glass substrate, hence preventing the perovskite growth (Figure 7-7 (e)) and 

this is observed in the Figure  7-6. 
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Another observation noticed from XRD data (Figure 7-7) is that the (001) reflection peak of PbI2 

became narrow for the deposited sample at 50
 
֠C, which indicates that the reaction commences with an 

increase in PbI2 crystallinity. Whereas, at a higher temperatures >50 ֠C, the width of (001) reflected 

peak became broadened due to the consumption of the crystalline PbI2 in the formation of perovskite 

[31]. A similar observation is consistent with the sequential deposition whereas this phenomenon was 

also noticed from photoluminescence (PL) imaging concluding that in such two-step deposition 

protocols the initial step occurrence is PbI2 crystallisation before the diffusion of the organic ions into 

PbI2 structure to commence their intercalation [31- 34]. 

7.3.1.2    Optical Characterisation 

An additional analysis was necessary to reveal the influence of the substrate temperatures and the 

excess PbI2 alongside the perovskite. Optical properties of the deposited films were assessed by UV-

VIS spectroscopy and the absorption spectra presented in Figure 7-8. It can be observed from the 

absorption spectrum of grown samples at different substrate temperatures, in particular for those 

treated at a temperature range below 120
 
֠C, the presence of intensity absorption bands at low 

wavelengths (< 500 nm) that was matching with the identical absorption spectral features exhibited by 

PbI2 film. This behaviour can be linked to the existence of complexes of [Pbx
n-

] that did not react with 

precursor ions or the existence of PbI2 phase which segregated within the growth films [35], and this is 

in a good agreement with XRD data. The variation in the absorption intensity in particular wavelength 

region (< 500 nm) was reflected from a different amount of excess PbI2 content in the film. For 

instance, the XRD of the grown film subjected to 80
 
֠C showed an increase in the crystallinity of PbI2 

which was reflected by the optical properties by presenting a higher level of an absorption in the 

region below 500 nm. However, for the sample deposited at 120
 
֠C, it was shown a decrease in the 

absorption due to the formation of metallic Pb after the reduction of PbI2. The presence of Pb 

correlates with the significant density of states above the valence band maximum and close to a fermi 

level that has a detrimental impact upon the optoelectronic properties of the thin film [36].  Moreover, 

the observation of a distinct hump around 500 nm was attributed to a high Pb precursor concentration 

[37]. In addition, a deviation in the absorption slopes was observed above the band edge that could 

appear from strong light scattering originating from the metallic nature. For the sample treated at 150
 

֠C, no absorption was present, as expected. Therefore, this behaviour was assigned to glass material, 

which was also in agreement with XRD data. It was worthy to mention that optical analysis revealed 

the predominant absence of the optical absorption onset of the perovskite material which was expected 

to be at ~750 nm although the presence of the perovskite diffraction peaks in the XRD data. It was 

suggested that the presence of PbI2 impurities can affect the optoelectronic response of the perovskite 
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material, whereas the electronic structure of (PbI3)
-
 cage is likely to have the contribution to the 

excitonic properties of CH3NH3PbI3 [22]. 
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Figure  7-8: The absorption spectra of thermal evaporated PbI2 thin film (untreated) and the 

PECVD growth samples deposited at different temperatures. 

 

To determine an optical energy bandgap, the differential method was used instead of using the Tauc 

method. To avoid the errors that can be added in Tauc plot which could be produced from the fitting 

line in the line region of the (αhν)
2
 vs photon energy.  Moreover, it was suggested that the derivative 

method is a more precise method when dealing with nanomaterials [38, 39]. In this method, at Eph = Eg 

a minimum photons energy should be recorded [38]. Once this condition is occurred, a spike towards 

negative infinity should be seen determining the energy bandgap of a substance. Employing this 

method (Figure 7-9), the energy bandgap of PbI2 film (untreated) was found to be ~2.44 eV. Films 

deposited at 50, 80, and 100 ֠C were showed a slight reduction (2.43 eV) compared to that one of PbI2. 

However, the optical energy bandgaps of the samples deposited at elevated temperatures above 100
 
֠C 

were not corresponding to either PbI2 or perovskite. These features were due to the presence of 

metallic Pb [40], which can be predicted from the absorption spectra and XRD results.  
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Figure  7-9: the energy bandgap plots determined from the derivative of transmittance with 

respect to photon energy for the samples grown at different substrate temperatures. (the peak 

observed for the top curve at 150
o
C  corresponding to the glass substrate due to the film being 

etced away). 

 

7.3.1.3    Electrical Characterisation 

As a final point, it was aimed to understand whether the variation of the substrate temperatures and the 

unreacted PbI2 still affect the electrical properties of the growth thin films. To allow the conductivity 

measurement of the films to be compared, a top electrode contact (Aluminium) was deposited to 

approximately the same thickness (~ 100 nm) and at the same deposition rate and pressure (~ 3 nm/s) 

at the ~ 5x10
-6

 mbar, respectively. Since the gap cell length can result in the variations in the electrical 

properties, all results presented were taken from the 100 µm gap cell.  
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Figure  7-10: Photo- and dark conductivity measurements of the growth films at different 

substrate temperatures. 

 

The effect of the variation of the substrate temperatures on the photo- and dark current of the PECVD 

growth samples was illustrated in Figure 7-10. For an easy data presentation, only one current value 
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of the I-V plots was selected (10V) as presented in Figure 7-11. An increase in the current of the films 

was observed when the films were illuminated under a xenon light source as compared to the dark 

conductivity, confirming that these films possess a semiconductor nature, except the film which was 

prepared at 150 ֠C. However, the variation in the photo-current and dark-current were consistent with 

the XRD results that the growth was started with the crystallisation of PbI2 followed by intercalation 

of the organic ions at which the perovskite was formed [31- 33]. Essentially, it means that the 

increased PbI2 crystallinity observing at 80 ֠C, in XRD data, results in an increase in the photo-current 

compared to the untreated sample. Whereas at 100 ֠C a further increasing was noticed, which could be 

attributed to an embedded perovskite phase in the grown film. However, the considerable amount of 

PbI2 within the film still influenced the photoresponsivity [41].  That was followed by a reduction in 

the current at the film deposited at 120 ֠C due to the presence of a high concentration of Pb since it 

could act as traps for the extraction of the electrons [37]. At 150 ֠C, I-V behaviour of the sample 

resembled an insulator (glass) behaviour, suggesting that the film was etched almost completely from 

the glass substrate and this data was supported the conclusions of the XRD data and the optical 

properties. Having considered these analyses, 100 ֠C was considered as the optimum substrate 

temperature and was used for a further optimisation. 

0

1

2

3

4

5

6

7

P
h
o
to

-C
u
rr

e
n
t 

(n
A

)

Substrate Temperature (
o
C)

Untreated 50 80 100 120

 

Figure  7-11: The change in photo- and dark- currents for films grown as a function of different 

substrate temperatures (this data was taken at fixed voltage = 10V). 

 

7.3.2   Effect of the Variation in RF-Power 

RF power is another parameter that can be used to control the growth formation. The film growth rate 

and its quality are significantly affected by the RF power applied to the precursors in order to create 
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the plasma. As it might be expected, low RF powers produce a film with a denser texture in 

comparison with a film deposited at high RF powers. Therefore, low RF powers were used in these 

experiments including 10, 20, and 25 W, equivalent to power densities of 22, 44, and 55 mW/cm
2
, 

respectively. The rest of the deposition conditions were kept a constant as presented in Table 7.2 

Figure 7-12 shows the RF-PECVD growth films, which were deposited at different values of RF 

power densities. It is clear from Figure 7-12 that as the RF power increases the film colour becomes 

darker.   

  

Table 7.2: PECVD parameters were used to study the effect of the variation in RF-power. 

Temperature  

(
O
C) 

Chamber 

pressure 

(mTorr) 

CH4 flow rate 

(sccm) 

NH3 flow rate 

(sccm) 

Deposition 

duration (min) 

100 1000 10 20 30 

 

 

 

 

 

    

   

7.3.2.1   Structural Characterisation 

In an effort to better understanding of the effect of RF power densities in the resultant growth, XRD 

measurement of these samples was conducted as shown in Figure 7-13. It can be observed from the 

figure that there was a significant difference in the microstructure of films upon varying the RF power 

densities. The crystal structure grown at a lower power density would most probably develop into a 

perovskite structure. The characteristic peaks of the perovskite phase were detected at ~ 14.2
o
, 28.1

o
 

and 28.7
o
, corresponding to the (110), (004) and (220) reflections of the tetragonal phase of the 

Reference 22 mW/cm
2
 44 mW/cm

2
 55 mW/cm

2
 

Figure  7-12: An optical image of grown films 

deposited at different RF power values. 
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CH3NH3PbI3, respectively [23, 24, 42]. Moreover, XRD measurements were shown that a significant 

quantity of PbI2 was unconverted, reflecting the bilayer structure of the created film.   

However, these perovskite characteristics peaks did not appear for the films formation at a higher RF 

power density values that were somewhat resulted in a different crystal structure in this a particular 

magnitude (44 and 55 mW/cm
2
) of RF power densities as shown in Figure 7-13.  A higher power 

density (55 mW/cm
2
) can lead to an increase in an ions flux towards the substrate surface. Such highly 

energetic ion bombardment in turn causes an increase in the PbI2 atomic energy and hence removal of 

the iodine atoms from the most material and leaving behind metallic lead (Pb) atoms [30]. These 

results of an appearance of a quite small peak of (001) reflection of PbI2 and five diffraction peaks at 

2𝜃 ≈ 31.2
 o

 (111), 36.2
o
 (200), 52.3

o
 (220), 62.2

o
 (311), and 65.2

o
 (222) were in a good agreement 

with the American Mineralogist Crystal Structure Database of the lead element (AMCSD 0011154).  
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Figure  7-13: The XRD peaks of PECVD growth samples deposited at different RF power values 

(top graph) with magnification of the three important differences in the spetra (bottm graphes). 

 

7.3.2.2   Optical Charactrisation 

The RF power comparison experiments were also conducted by UV-VIS-IR spectroscopy for the 

optical analysis. An optical transmittance of the untreated PbI2 film and PECVD growth films was 

recorded as a function of wavelength in the range of 300-1100 nm and presented in Figure 7- 14 (a). It 
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was found that the transmittance was decreased at the energy bandgap of PbI2 as the RF power 

densities increased. A slight red shift in the absorption edge was noticed with an increase in the power 

densities (Figure 7-14 (b)). It was suggested that less light was passed through the films resulting in 

the decrease of the energy bandgap. However, the complex structure that involving Pb and PbI2, must 

be put into a consideration and the key consequence of this combination could be caused in the 

absence of a signature of the perovskite on the optical transition of the corresponding excitons at the 

wavelength of ~750 nm.  

By employing the derivative method (Figure 7-14 (c)), no an obvious change in the energy bandgap 

for the films treated with PECVD was observed at 22 and 44 mW/cm
2
. However, at a higher power 

density, no a clear energy bandgap was found. It indicated that the relative concentration of metallic 

Pb was higher in the film compared to PbI2 as the XRD data of this sample was shown the metallic Pb 

has a higher intensity than that of PbI2.  
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Figure  7-14: Optical transmittance spectra of PbI2 thin film (untreated) and the PECVD growth 

films at different RF power values (a) with magnification the graph that focuses on the EM 

spectra at the absorption inset (~ 500nm) showing red shift with increasing the RF power 

densities (b) and the bandgap energy plots of these films determine from the derivative  of 

transmittance with respect to photon energy (c). 

 

300 400 500 600 700 800 900 1000 1100
0

10

20

30

40

50

60

70

80

90

100

Untreated

22 mW/cm2

44 mW/cm2

T
ra

n
sm

it
ta

n
c
e
 (

%
)

Wavelength (nm)

55 mW/cm2

(a)

0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0
-690

-460

-230

0

-630

-420

-210

0

-330

-220

-110

0

0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0

-33

-22

-11

0

 

Energy (eV)

 Untreated

 

dT
/d

E

 22mW/cm2

 
 44mW/cm2

 

 

 55mW/cm2

(c) 

450 500 550 600 650

10

20

30

40

50

60

70

80

90

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Wavelength (nm)

 Untreated

 22mW/cm2

 44mW/cm2

 55mW/cm2

Red Shift



 CHAPTER 7.   PECVD Growth and Optimisation of Perovskite 

 

165 

 

7.3.2.3   Electrical Characterisation       

Photo- and dark-conductivity measurments of the same subset of the samples grown at different RF 

power densities for 100 µm gap are shown in Figure 7-15. Generally, when films were exposed to a 

light, they would show an increase in a current in contrast to a dark current. Upon close inspection, a 

selective value of the current (located at 10V) was plotted for each film in one graph for simplicity as 

it can be seen in Figure 7-16.                                                                                                                                                                                                                                                                                                                                                             
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Figure  7-15: Photoconductivity of films grown at various RF power densities.   

 

Figure  7-16 represents two different base currents; at the higher base current value, the difference 

between dark- and light- current was become higher. This dramatic increasing in the dark- and photo-

current at a higher RF-power density was in a good agreement with XRD data which was confirmed 

that when the RF-power intensity was increased, a combination of semiconductor (PbI2) and conductor 

(Pb) phases was appeared in the material. However, it was become more conductor (less 

semiconductor) at 55 mW/cm
2
 due to the relative concentration of the Pb phase which was shown a 

higher conductor nature compared with the sample treated at lower RF-power density. Hence, many of 

conducting paths were built up through the material, which increased the drift current. At a lower 

power (22 mW/cm
2
), there was a slight increase in the dark and photo currents difference compared to 

the untreated sample, however, the right characteristic of the perovskite material did not observe. This 

could be because of the existence of a combination of PbI2 and perovskite semiconductor phases in the 

sample as it was observed from XRD. Such an observation could indicate that a high amount of PbI2 

was presented which formed a separate crystalline phase instead of being incorporated in the 

perovskite structure [25]. Such a type of the phase separation of PbI2 and perovskite was likely the 

cause behind the unusual electrical characterisation of perovskite. From the results above, the lower 

RF power density (22 mW/ cm
2
) might be a potential optimum condition in this work for the growth 

of perovskite film. 

 



 CHAPTER 7.   PECVD Growth and Optimisation of Perovskite 

 

166 

 

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

P
h
o
to

-C
u
rr

e
n
t 

(A
)

RF-Power intensities (mW/cm2)

Untreated 22 44 55

 

Figure  7-16: The change in current during dark and illumination conditions for films grown as a 

function of different RF power densities (this data was taken at fixed voltage = 10V). 

 

7.3.3 Effect of the Variation in Chamber Pressure 

The mean free path for the collision of the gas molecules can be altered by the chamber pressure. This, 

in turn, determines whether the reaction is occurred in the gas phase or at the sample surface [43]. To 

understand the effect of the chamber pressure within the deposition process on the film properties, a 

series of samples were deposited at different values of the total pressure of the mixture gaseous 

(CH4/NH3) inside the collision chamber, which were ranged from 250 to 1000 mtorr. During these 

experiments, the controlled total pressure was performed employing a gate valve with all other 

conditions held a constant as shown in Table 7.3. 

Table 7.3: PECVD parameters were used to study the effect of the variation in chamber 

pressures. 

Temperature  

(
O
C) 

RF-power 

density 

(mW/ cm
2
) 

CH4 flow rate 

(sccm) 

NH3 flow rate 

(sccm) 

Deposition 

duration (min) 

100 22 10 20 30 
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7.3.3.1   Structural Characteristic  

Figure  7-17 illuminates the variation in the crystal structure with the chamber pressure. The lower 

pressure (250 and 500 mtorr) was resulted in no perovskite growth, whereas the growth was observed 

for the sample grown at 1000 mtorr. The diffraction reflections of the grown films at 1000 mtorr can 

be well indexed to the tetragonal phase of CH3NH3PbI3 with a detectable PbI2 phase. It was 

noteworthy to mention that double-peaks were existed at around 14o which were also confirmed that 

CH3NH3PbI3 was manifested a tetragonal crystal structure [44, 45].  The variation in the crystal 

structures was determined as a function of the total gas pressure inside the chamber which may be 

promoted by the interaction of energetic particles with the growing surfaces. This was governed by the 

self-bias voltage originating at the plasma sheath that can strongly affect the ionic flux towards the 

substrate [46]. Therefore, as the pressure was increased, the thickness of the plasma sheath could be 

reduced and hence its potential (self-bias voltage) decreased. Subsequently, the energy of the ions 

which were come to rest on the substrate surface also was diminished and this did not cause damage to 

the surface. The damage was caused to the PbI2 thin films which were exposed to a relatively low 

pressure (250 and 500 mtorr) was confirmed from the XRD results obtained in this work. A high ion 

energy bombardment to the surface broke Pb-I bond and resulted in reducing PbI2 into the metallic Pb 

as it can be seen in Figure 7-17. 

. 
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Figure  7-17: The XRD peaks of PECVD growth samples deposited at different chamber 

pressure values (top graph) with magnification of the important differences in the spetra 

(bottom graphes). The inset images in top graph present the films grown at various pressures. 
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7.3.3.2   Optical Characteristic 

For this study, the optical transmission spectra of these films growing with a various gas pressure 

inside the ion source collision chamber were recorded as a function of a wavelength as  it was seen in 

Figure 7-18 (a). The transmittance of light was reduced with a decrease in chamber pressure. As it 

might be expected, the presence of the metallic Pb and wide-energy bandgap-semiconductor PbI2 

alongside the perovskite within the film was caused a transient change in the excitonic population and 

properties. Whilst at a high pressure (1000 mtorr) the spectrum was exhibited the same trend of PbI2, 

there was a slight reduction in the transmittance with a red shift in the absorption edge. It was 

becauese of a reduction in the energy bandgap allowing less light to pass across the film (Figure 7-18 

(b)). The formation of the perovskite phase was consistent with this an observation although there was 

no sign showing a corresponding to perovskite in the optical analysis. Again, the electronic structure 

of (PbI3)
-
 cage was likely to have the contribution to the excitonic properties of CH3NH3PbI3 [22]. At 

low pressures, there was a further reduction in the transmittance spectra which was ascribed to a 

considerable amount of Pb existence in the films. 
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Figure  7-18: Optical transmittance spectra of PbI2 thin film (untreated) and the PECVD growth 

films at different chamber pressure (left) and the plots of the derivaiative of transmittance with 

respect to photon energy (right) for determination of bandgap energy of these films. 

 

7.3.3.3   Electrical Characterisation 

To study the effect of the chamber pressure on the electrical properties of the grown films, 

photoconductivity measurements were performed and presented in Figure 7-19. To gain a simplified   
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representation of these data, a single value of a current that was located at 10V was taken from the IV 

plots of all samples and included in one graph (Figure 7-20).  
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Figure  7-19: Photoconductivity of films grown at various chamber pressure. 

 

A metallic nature of films grown at lower pressures (250, 500 mtorr) was noticed from XRD data, 

which was reflected in the electrical characteristic of the films. A noticeable increase in the current of 

those films indicating that the relative concentration of lead (Pb) was highly showing a conductor 

nature in both dark- and light-conditions. These results were in a good agreement with the optical 

results. Meanwhile, the film which was grown at a high pressure (1000 mtorr) possesses properties of 

a semiconductor since there was an increase in its conductivity when it was exposed to the light. This 

feature was due to the formation of the perovskite phase 
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Figure  7-20: The change in photo- and dark currents for films grown as a function of different 

chamber pressure (this data was taken at fixied voltage = 10V). 
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7.4   Additional Observation 

For more clear representation and in attempt to understand the effect of relatively low chamber 

pressure with applying a high RF power, an experiment for 30 minutes was performed at a pressure of 

250 mtorr and RF power of 25 W. It was expected that as RF power was increased, more highly 

reaction species were involved in the deposition that resulted in an increase in the ions flux towards 

the substrate surface. A strong ion bombardment of the growing surface can lead to an increase in the 

levels of etching and hence remove the volatile species from the material [47].   

To evaluate this process, the XRD data was conducted at low (10W) and high (25W) RF power as 

shown in Figure 7-21. It can be clearly seen from the inset graphs, as would be expected, the film was 

deposited at a lower RF power had a denser texture than that at a high RF power. This effect was 

further demonstrated by etching of the material from the substrate at a higher RF power. The XRD 

data was shown the damage caused to the PbI2 thin films exposing to relatively low power (10W) by 

the reduction of PbI2 to Pb. This can be attributed to the action of low pressure as described earlier. 

When the surface was exposed to a high power (25W) at relatively a low pressure, further damaging 

was caused. It was demonstrated from XRD data (red-pattern) by a further reduction in the intensity of 

both PbI2 and Pb diffraction peaks due to the etching effect. 
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Figure  7-21: The XRD peaks of PECVD growth samples deposited at low chamber pressure (250 

mtorr) and RF power of 10W (green) and 25W (red). 
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7.5    Summary 

Successful growth of CH3NH3PbI3 perovskite thin films by the PECVD process was discussed in this 

chapter. The films were grown starting from a prior deposition of PbI2 thin films by the thermal 

evaporating that was discussed in Chapter 6. In order to form perovskite, PbI2 thin films were exposed 

to the organic molecules in the plasma state that was formed by RF power via the PECVD technique. 

It was discovered that perovskite growth by such method was extremely sensitive to the deposition 

conditions. 

As-deposited films were empirically optimised whereby each parameter (e.g. substrate temperature, 

RF power density, chamber pressure) was varied in turn, with the other held a constant. The RF 

frequency and electrode separation were remained a constant at 13.56 MHz and 3 cm respectively, as 

well as the gaseous flow rate remained at 10 sccm for methane gas and 20 sccm for ammonia gas. 

These resultant changes in the film properties were then examined using the characterisation 

techniques, described in chapter 5, to evaluate the effects of the growth process variables on the novel 

growth of CH3NH3PbI3 films. 

It was observed in the current study that a formation of the perovskite phase was more pronounced in 

the XRD analysis. The substrate temperature played a pivotal role in the physical and electrical 

properties of the film grown by PECVD. The conditions that yielded the best quality material achieved 

from this study were at a substrate temperature of 100 ֠C and under a low power density (22 mW/cm
2
) 

and a high chamber pressure (1000 mtorr). However, the presence of a considerable amount of PbI2 

phase beside perovskite phase resulted in a great impact on the optoelectronic structure affecting the 

optical and electrical characteristics. In particular, this separation phase of residual (PbI2) inorganic 

material in the resulted films prevented the outstanding properties of such perovskite material. The 

general view was that we did not reach the complete conversion of PbI2 to perovskite phase, but this 

study presents the most comprehensive up to date on this topic, which takes us closer.  
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Chapter 8 CHAPTER 8. Atmospheric-Pressure Chemical Vapour Deposition (APCVD)  

of Perovskite material 

 

8.1 Introduction 

Perovskite materials have been deposited by various CVD methods, as discussed extensively in 

Chapter 2, in which a solid thin film is grown from the reaction of precursors that are in the gaseous 

state. The precursors in the gaseous state are supplied either from a gas source as is the case of 

PECVD process or by sublimation/vaporisation using solid/liquid precursors. This class of methods 

can be categorised based on the pressure range at which the process is carried out. Atmospheric-

pressure chemical vapour deposition (APCVD) is a widespread and popular commercial technique 

used in the semiconductor industry to deposit thin films of materials in which their stoichiometry is 

precisely controlled along with the high growth rate and step coverage. However, this method is not 

widely used for the growth of perovskite material from a single-source liquid precursor, in which both 

organic (MAI) and inorganic (PbI2) compounds of the deposited material are combined in one source. 

Moreover, in the published literature, the liquid-based source has been atomised by using a 

commercial nebuliser, resulting in the formation of an uncontrollable mist [1-3]. Therefore, it is 

necessary to design a delivery system that can be adjusted to obtain precise control over the growth in 

order to produce a functional thin film with almost defect-free.   

In view of the importance of the typical CVD process that is preventing self-limiting chemical 

reactions, which is the case in the sequential-deposition whereas the reaction of gas-solid phase is 

limited by the properties of the underlying solid thin film (as it is seen from the PECVD growth 

method). In this case, MAI in the gas phase reacts with the pre-coated PbI2 films, in which the 

conversion to perovskite from PbI2 is achieved until the availability of PbI2 [4-7].  The claim was 

made by the authors, as a CVD process, was lacking to qualify one of the tenets of the CVD - “an 

infinite source of precursors” to grow a film of an infinite thickness (However, in this research, 

thickness of a few micrometres or less was achieved). The pre-coated PbI2 does not fit into the 

standard CVD deposition mechanism; the reactants land on the surface of substrate during the 

deposition and form a required layer. In a complete gas phase reaction of PbI2 and MAI on the surface 

of substrates, a finite thickness can be realised easily with a conformal growth of the exact 

stoichiometry as it is presented in the single precursor [8]. So far, there are two reports concerning the 

growth of perovskite materials by employing the CVD growth via atomisation of a liquid precursor 
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[1,2]. Some important aspects related to this growth are presented (e.g. the effect of the distance 

between the substrate and upstream entry, the temperature gradient along the furnace, the actual 

substrate temperature). However, they do not report about the control methods used for the growth of 

material in order to control the number of species passing over the substrate and the residence time of 

the mist over the surface of the substrate that is required to form a film with minimal defects. These 

reports also used higher concentration with a faster growth rate at high temperature exceeding 200 
0
C, 

that may result in the formation of a thin film with high defect density (point, line or plane defects) 

and also undesirable stoichiometry; both these factors can result in the instability of the as-deposited 

material.  In the current study, more attention was paid on the deposition process and the growth 

dynamics by controlling various parameters for eliminating aforementioned problems and thus paving 

the foundation of obtaining relatively stable perovskite thin films.   

In a typical APCVD process, the substrate is exposed to one or more volatile precursors at 

atmospheric pressure. The compounds of the precursor are required to be delivered to a CVD reactor 

in a mist/vapour form containing droplets of a solvent with the compounds dissolved in. A major 

challenge of this method is an appropriate selection of an effective delivery system. There are numbers 

of critical factors or parameters that should be controlled during the formation of the mist/vapour in a 

steady-flow rate into the reactor such as droplet size, concentration of the solution, growth 

temperatures, molar concentration of precursor, substrates’ surface, flow rate of a carrier gas, resonant 

frequency of the piezo transducer etc. In a nutshell, a CVD is a chemical process and all the 

thermodynamical parameters affect the growth process.  

Herein, different deliveries’ systems were used such as bubbler and in-house built piezoelectric 

transducer. The delivery systems were adjusted to meet their function, which was to sufficiently 

convert the solvent and the containing materials (PbI2 and MAI) into a continuous streamline of proper 

size droplets by using two physical phenomenon; bubbles and piezoelectric vibrations to induce the 

droplet atomisation.  

This chapter provides a description of the aforementioned systems, which was used for the formation 

of vapour/droplets and delivery, to examine: 

 The deposition process of a thin film through a liquid precursor by APCVD. 

 Two different physical mechanisms for the atomisation of liquid to form vapours. 

 The factors that influence the generation of the vapours in both systems. 

 The development of the method to determine the process parameters at which the droplet 

contains a desirable material. 
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8.2 APCVD Process 

APCVD is an industrial technique to deposit thin films because it fulfils several important criteria; (1) 

a high growth rate, (2) high control of stoichiometry, (3) precise control over the thickness, (4) ability 

to produce thin film in large area, (5) no vacuum is required (reduce the cost and power consumption), 

(6) flexible to accommodate a wide range of substrates and (7) use of a wide range of materials [9,10].  

It is important to note that the APCVD technique is not preferred for oxygen-sensitive materials over 

low-pressure CVD (LPCVD). However, if a higher quality material is obtained using APCVD, for 

example in our Perovskite (which is sensitive to oxygen and water vapours), LPCVD can further 

improve the quality of such material.  It was attempted to prove the principle here in this work.  The 

growth mechanisms of a desirable thin film prepared by the APCVD process consists several steps 

(Figure  8-1): 

I. Mist formation: this is the key aspect as well as the first step in order to have an efficient 

atomisation of liquid feed, where the dissolved materials are evaporated along with the solvent 

or in other words – vapours of the solvent containing precursor materials which are required 

for the thin film deposition. Generally, the precursor mist can be generated by several 

techniques such as heating, bubbler, and ultrasonic humidifier/nebuliser. In fact, an energy 

that is transmitted from the delivery system to the liquid is required to break the liquid into 

droplets, causing atomisation. Therefore, it is critical to select the proper system depending on 

the precursor(s) properties. Ideally, the precursor with high volatility used to be readily 

volatile under temperature that is less than the temperature of its decomposition. As a 

consequence, a fine mist would be obtained to feed the CVD reactor where the deposition 

takes place on elevated substrate temperature.  

II. Feed the reactor: the formed mist/vapour needs to be delivered to the reactor. Typically, a 

carrier gas (nitrogen, argon) is employed in order to transport the mist to the region of 

deposition through a bypass line, which can be accurately delivered with a mass flow 

controller (MFC) [11] or the use of flow-meter. The crucial step to deposit thin films is to 

guarantee the longer residence time (steady slow-flow rate) of the mist onto the substrate 

surface where possible reactions are occurred and prevented the effect of the hydrodynamics 

associated with the atomisation of the solvent at the hot substrate surface [10]. This means the 

morphology, possibly structure, of the deposited thin film will not be affected during the 

desorption of unwanted/desirable chemical species from the surface of growing film including 

the solvent (in our case DMF). 

III.  Precursor/substrate surface reaction: once the vapour,  containing precursor materials, is 

passed over the hot substrate surface, undesirable species (solvents, the byproduct of the 
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reaction taking place at the surface of the substrate, etc.) has to be desorbed, which is typical 

CVD process (see Chapter 4). This thermal decomposition of the precursor on the substrate 

surface leads to the formation of a desired thin film. 

However, the requirement of high volatility precursors is not always necessary, making this cost-

effective and scale-up route that can be extended to the range of potential uses of various other 

compounds for a thin film deposition [12]. Therefore, a wide range of low volatility materials has 

been utilised by developing a variety of liquid delivery methods such as bubbler, ultrasonic 

nebuliser, and mesh nebuliser to feed the deposition reactants.  

 

Figure  8-1: Schematic illustration of the process involved in one-step liquid-precursor CVD. 

 

8.3 APCVD Based on Bubbler Delivery Unit 

A bubbler technology is a well-known system in the field of vapour delivery. The first CVD growth 

was reported in 1969 by Manasevit in which the bubbler was employed as the delivery system of 

liquid precursors [13]. Typically, the system sufficiently converts the precursors, which their vapour 

pressure is moderate, into gas phase reactants [14].  

The precursors (PbI2 and MAI) with a molar ratio of 1:1 were dissolved in a DMF solvent and 

sonicated for 2 hours to be completely dissolved. The solution was fed into the bubbler, and the carrier 

gas (N2) was passed through the solution to carry the vapours (possibly containing the required 

precursors). The gas, carrying vapours containing precursor materials, should be fully saturated when 

passing through the bubbler. To feed the reactor, the bubbler system was connected and equipped with 

the APCVD reactor through a quartz tube where the substrates were placed in. Figure  8-2 shows the 

image of the APCVD system used in this work that involved glass bubbler with two necks; one was 
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connected with the carrier gas via a flow meter and the other (feed line) connected to the quartz tube of 

the APCVD reactor. Tubes were used for the connections that enable a carrier gas flowing to the 

solution and carrying the vapours into the quartz tube.  

 

Figure  8-2: Images of APCVD system used in this work kept inside an insulated box to avoid 

precursor atoms vaporising out of system. 

 

Using this system, the transformation of the formed vapour/mist onto the reactor was not successfully 

achieved. The vapour was condensed on the bubbler wall near the neck and in the connected tube 

between the bubbler and the CVD quartz tube. To overcome this difficulty, the bubbler was held at 

temperatures (50-200 ℃), by immersing the bubbler in a hot silicon oil bath. The temperature was 

monitored by using thermocouple which was immersed in the oil. Such a method helped to increase 

the equilibrium vapour pressure within the bubbler; however, there was still a condensation of the 

vapour in the feed line. Therefore, a further adjustment was needed to prevent this condensation. In 

this stage, it became necessary to heat the feed lines, which was done by using a Halogen lamp.  

Table  8-1 shows the parameters for the APCVD process considering all these setup. It was observed 

that the formed vapour was colourless, and a black powder was left behind in the bubbler as it can be 

seen in Figure  8-3. This black residue was confirmed that the solvent (DMF) was only delivered 

leaving behind the solute (CH3NH3PbI3). In addition, it was proved that the solid precursors (PbI2 and 
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MAI) have very low volatilities, so it was difficult to establish perovskite material by such delivery 

system.    

Table  8-1: The CVD process parameters that used in the bubbler delivery system.  

CVD parameters 

Flow rate of N2 carrier gas 0.2 l/min 

Molar ratio of PbI2:MAI 1:1 

Volume of precursor solution  4 ml 

Substrate temperature 180
 º
C 

Silicone oil temperature 150 
º
C 

Feed-line temperature 30-33 
º
C 

Deposition time 1h 

 

 

 

Figure  8-3: images of the precursor inside the bubbler before (a) and after (b) the CVD 

possessing and (c) shows the condensation of transformed vapour at the exhaust. 
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To understand this finding, it was worth to investigate the microscopic level of the dynamic governing 

dissolution of the solid material (PbI2 and MAI) in DMF. Chemically, DMF is a solvent with a 

functional group containing oxygen which acts as O-donors [15]. Hence, it donates a free electron pair 

to Pb
2+ 

ions via the hydrogen bonding interaction (Pb-O) [16]. This bonding enables dissociation of the 

PbI6 octahedral frame of the perovskite material, which was formed initially when mixing the two 

powder sources (PbI2 and MAI) before being dissolved in DMF (Figure  8-4 (a)). It consequently 

breaks up the compounds into ions (MA
+
, Pb

2+
, I

-
) flouting in the solvent (DMF). Due to the potential 

energy of bonds holding the molecules together, atoms can vibrate/ move with respect to each other. 

This form of energy represents the total internal energy of the system in an equilibrium 

thermodynamic state. By introducing energy from an external source into the system such as heat 

(thermal energy) and/or bubble (mechanical energy), the state of equilibrium would be altered because 

the system is subjected to a change of temperature and pressure. As a result, the molecules and ions 

gain kinetic energy. According to the kinetic energy distribution of molecules (Maxwell-Boltzmann 

distribution), each molecule/ion gains certain kinetic energy, however, few molecules have 

exceedingly high kinetic energies. When the energy of molecule/ion is high enough to overcome the 

difference in chemical potentials between the two phases (liquid and gas), the liquid-gas transition 

occurs. This can be also explained in terms of Gibbs free energy (G) which can be expressed by the 

Clausius-Clapeyron equation: 

𝑉𝑎𝑝𝑜𝑢𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃) ∝  𝑒
−∆𝐺

𝑅𝑇⁄  

Since the DMF molecules and the existing ions have their translational kinetic energy (Gibbs free 

energy), only the molecules and ions with sufficient kinetic energy can overcome the kinetic barrier 

(potential energy wall ∆E, Figure  8-4 (b)) for the phase transition and escape from the surface of 

liquid to enter the gas phase. At a critical temperature (Tc), the DMF with a higher volatility and 

relative low molecular weight (73.09 g/mole) can undergo a liquid-vapour transition after breaking the 

half of hydrogen bonds between the oxygen and lead. However, the MAI and PbI2 compounds with a 

relative low volatility and higher molecular weights ((PbI2: 461.01 g/mol, MAI: 158.97 g/mol)) do not 

have the lowest possible free energy, which prevents their transition into gaseous phase and thus they 

precipitate. Sequentially, a re-crystallisation of the black powder (initial solid powders source; 

CH3NH3PbI3) was occurred which is its metastable phase (Figure  8-3 (b)). So, if sufficient energy is 

supplied to the solution, there is a possibility for the ions to evaporate, however, this was not explored 

any further. That was because the purpose of this work was to form the perovskite thin film by the 

APCVD process from a liquid source “not from the solid source”, in which the solvent and the 

containing solid materials must reach the substrate and decompose on it. The deposition of perovskite 

thin film from a solid phase was extensively explored in literature (see chapter 2) [2, 3, 17, 18].  
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Figure  8-4: (a) shows the solid precursors of perovskite material (b) shows the depth of the 

potential energy wall and the thermal energy (or any source of energy) that the molecules and 

ions are needed for the phase transition, which is proportional to kBT, where kB is the 

Boltzmann’s constant meaning that the phase transition depends on T. 

 

It was desirable to find an alternative delivery system that had a different mechanism for an atomising 

process. The system needs to provide enough energy for atomising the liquid in the vapour form (fine 

mist), and avoiding the limitations associated with the bubbler system (dependent of thermal energy). 

The limitation was the variation in the temperature range for the solvent and the dissolved solid 

material, which was required to cause transference. The highly efficient alternative process for the 

liquid-vapour phase-change is examined in detail in the following section, which is based on the 

vibration induced-droplet generation from a liquid.  

 

8.4 APCVD Process Based on Vibration Induced-Droplet Atomisation (VIDA)  

Droplet ejection from liquid is a visible phenomenon that is seen in oceans and lakes and formed as a 

result of the breaking of the surface waves [19, 20]. These surface waves are formed when receiving a 

certain amount of energy from wind/gravity/heat driven flow that causes vibrations in the vertical 

oscillations of the liquid particles. Oscillation of these particles tears the peak of the surface wave 

from the liquid generating droplets (Faraday excitation) [21].  

In this work, to generate droplets, oscillatory pressure disturbances were generated in the liquid that 

was placed in a contact with the piezoelectric transducer. These disturbances were propagated 

throughout the liquid causing instantaneous oscillations of the liquid molecules with the excitation 

frequency. A piezoelectric crystal was vibrated at a high frequency (1.7 MHz was used in this work), 

which was powered by a sinusoidal AC signal, producing the ultrasonic waves to counter the force of 

gravity and generate a continuous stream of vapours.  
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In order to produce perovskite thin films from a single-liquid precursor with a minimum defect 

density, using a single-step APCVD process, there were key processes in the preparative steps. A “T” 

joint was designed to host the piezoelectric disc and liquid precursor. The piezoelectric disc was 

placed at the bottom of the “T” joint and not allowed the electrical terminals being in a contact with 

the solution. These terminals were connected to the circuit to provide a required AC signal. Due to the 

corrosive properties of the solvent used (DMF), the “T” joint was fabricated from aluminium. The two 

necks of the “T” joint were connected to (1) the carrier gas flowmeter and to (2) the CVD reactor. The 

“T” joint hosing the piezoelectric disc is shown in Figure  8-5.  

 

 

Figure  8-5: Photograph of the “T” joint holding the piezoelectric disc. 

 

The growth was conducted in the same CVD reactor/furnace that was used in the process of the 

APCVD system using a bubbler. The substrates was held on an angled/ gradient stainless steel 

substrate-holder with a ledge angle of 7º (Figure  8-6), to ensure the streamline flow of precursor was 

equally passed over the substrate surface with carrying the same concentration of the reactant 

molecules, hence a uniform film from a composition point of view would be deposited. The CVD 

system was purged under N2 gas with a constant flow rate at the required temperature and under 

atmospheric pressure, before carrying out any experiments to prevent the effect of humidity. Two 

equimolar solutions (0.01 M and 0.015 M) of PbI2 (Sigma-Aldrich, 99.999%) and MAI (Solaronix) 

dissolved in 3 ml of N,N-dimethylformamide (DMF, Honeywell, ≥99.99995%) were used to validate 

the concentration effect. A range of temperatures (110
 º
C- 250 

º
C) and deposition time (10 minutes- 

40minutes) were used. A mist of water was successfully formed, which was flowed towards the hot 

wall CVD reactor using nitrogen gas as a carrier at a lower constant ratio of 1 L/min (Figure  8-7). 
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This experiment was carried out to access the working of the reactor before introducing any chemical, 

etc.  A piezoelectric disc was used at a driving frequency of 1.7 MHz.  

 

Figure  8-6: The substrate holder used in this work. 

 

 

Figure  8-7: the formation of the ultra-fine mist by a piezoelectric transducer. 

 

To validate the capability of this system for the generation of a mist of the perovskite precursor 

molecules (DMF, PbI2 and MAI), a preliminary study was carried out at low temperature (<150 ºC). A 

pre-coated PbI2 film was placed in the middle of the CVD reactor. The film changed to black colour as 

compared to the yellow colour from PbI2was found to be turned from yellow to black colour, which 

indicated that the mist was contained MAI molecules that was reacted with the PbI2 forming the 

perovskite phase. Figure  8-8 shows the optical properties of the PbI2 films before and after the 

APCVD process. It can be clearly observed from the absorption spectra that the changing in the 

absorption onset which confirmed the formation of perovskite material after subjected to the APCVD 

process. In addition, the bandgap of the PbI2 film obtained before the APCVD process was reduced 

into the optimal value of MAPbI3 material (1.49 eV), which is in a good agreement with the literature 

[25]. It was indicated that the mist was contained the molecules of MAI beside to the solvent (DMF). 
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However, there was no confirmation yet that the PbI2 molecules were also carried with the mist as the 

substrate was pre-coated with PbI2. In order to monitor if the PbI2 molecules were carried with the 

mist, an experiment was performed at high temperature (200-250 ºC) as it was already demonstrated 

from TGA analysis that the PbI2 was stable up to 400 ℃. The yellowish film deposited on the 

substrates’ surface is seen in Figure  8-8 (c), with the identical absorption spectral feature exhibited by 

PbI2 film [22-24].  
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Figure  8-8: The absorption spectra of the PbI2 thin films before and after treated by APCVD 

process (a) and the corresponding bandgap energy for both films (b), and the absorption 

spectrum of the PbI2 film deposited by APCVD process (c). 
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It is well known that the substrate/growth temperature greatly influences the chemical reaction of the 

precursor (PbI2 and MAI). Initially, the identical substrate/growth temperature obtained from the 

literature [1, 2], in which the experiments were conducted at high substrate temperatures (≥ 200 ºC).  

Table 8-2 shows the parameters of the initial APCVD process. It was observed that the deposition of 

the film on the substrates (glass, Si, FTO and AZO coated glass) was not observed. Further increase in 

the concentration and duration of the deposition did not show any improvement (i.e. no deposition of 

the film). It could be due to the substrate temperatures were too high that could evaporate the 

deposited films if any, and vaporisation of the DMF carries both precursors since the boiling point of 

DMF was 158 ºC that was lower than the substrate temperature, during the cooling down of the system 

for 2h under N2 flow. To examine this assumption, the substrate temperature was reduced to 120ºC. 

 

Table  8-2: The initial CVD process parameters that used piezoelectric disc as a delivery system. 

CVD conditions 

Solution concentrations 0.01 M and 0.015 M 

N2 flow rate 1 L/min 

Deposition times 15-30 min 

Substrate temperatures 200-250 ºC 

 

In the following experiments, the substrate temperature was kept at 115±5 ºC. The parameters 

considered for the low-temperature experiments are shown in Table 8-3. These parameters were led to 

deposit a thin layer of MAPbI3 on the heated substrate. To note, the piezoelectric disc according to our 

design was required to be fed with a certain amount of the liquid precursor which was ~ 15 ml, to 

effectively generate an ultra-fine mist for 40 minutes. There was also a certain residual amount of the 

used liquid precursor which was found after finishing the process. The remaining liquid precursor was 

re-used in the following experiment. 

Table 8-3: The parameters that used in the low-temperature experiments. 

CVD conditions 

Solution concentrations 0.01 M and 0.015 M 

N2 flow rate 1 L/min 

Deposition time 36 min 

Substrate temperatures 115±5ºC 
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According to the parameters shown in Table 8-3, a comparison between the films were formed from 

the two different concentrations as well as between the films were produced from the use of a fresh 

liquid precursor and the re-use precursor will be discussed.  

Upon comparison between the fresh and reused liquid precursors, Figure  8-9 presents the effect of the 

low concentration liquid precursor states on the structural and optical properties of the as-deposited 

films. The structural evolution of the MAPbI3 perovskite was observed in both films besides the 

characteristic peaks of FTO [26-28]. The diffraction peaks were appeared at ~13.8º, 19.6º, 24.1º, 28º, 

31.3º, 39.9º, and 42.5º which were shown that both films were exhibited a cubic structure [26, 27], 

This data indicated that the successful interaction of the PbI2 and MAI molecules was taken place on 

the substrate surface resulting in a formation of MAPbI3. It was worth to mention that this data was 

carried out after two weeks of continuous exposure in air. The research published on this topic where 

the quasi-stable lattice was reverted back from the initial cubic phase to a tetragonal phase or initially 

formed in a tetragonal phase [2, 3], this study was confirmed structural stability of the crystal lattice 

for an extended period of time. In addition, such an effect was clearly observed in the optical 

properties. Figure  8-9 (b) presents the transmittance spectra for both films. An absorption onset was 

observed in the fresh solution sample at ~ 800 nm corresponding to a bandgap of the perovskite which 

was matched the reported value [25].  
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Figure  8-9: The effect of solution state (e.g. fresh and reused) on (a) The XRD pattern and on (b) 

transmittance spectra. 
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Comparing the perovskite x-ray diffraction peaks intensity with respect to the intensity of the reflected 

peaks from FTO crystal structure, the perovskite crystal lattice in the fresh sample was the dominant 

one, whereby the FTO crystal in the reused sample was more pronounced. It was because of a well-

packed perovskite crystal lattice was formed in the fresh solution sample which could enhance the 

crystallinity of the material. In addition, there was an absence of the main absorption edge of 

perovskite material in the reused solution sample. These observations were most likely due to the fact 

that the crystallisation and growth of the perovskite crystals were critically affected by the reactance 

concentration [27]. As it was obvious that the molar concentration of molecules after being used 

previously was reduced. Therefore, all the following experiments were run with a fresh solution with 

known concentration to study the effect of other parameters. It was a clear indication of the effect of 

the concentration on the growth film which was further investigated to precisely understand the role of 

the concentration on the film properties. 

Upon comparison of the effect of the precursor concentrations, Figure  8-10 presents the effect of the 

precursor concentrations on the thin films colour which was formed during the APCVD process.  

 

 

Figure  8-10: Photograph of the as-deposited thin films prepared at different precursor 

concentrations.  

 

 The change in colour of the films (Figure  8-10) was dependent on the concentration difference. It was 

clear that there were coated films with different colours. It was well known that the growth of 

perovskite material as evident by the grey colour of the film was appeared in the high concentration 

samples.  For more investigation, structural properties of the as-deposited films on FTO coated glass 

substrates prepared at different concentrations were carried out. Figure  8-11 shows the X-ray 

diffraction (XRD) patterns of the lower and higher concentrations samples and of the FTO coated 

Lower concentration (0.01 M) Higher concentration (0.015 M)  
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glass. The structural evolution of the perovskite (MAPbI3) cubic structure was observed in the low 

concentration sample with a characteristic peaks of perovskite appears at ~13.8º, 19.6º, 24.1º, 27.9º, 

31.3º, 39.9º, and 42.5º which were corresponding to (100), (110), (111), (200), (210), (220), and (300) 

diffraction planes of a cubic CH3NH3PbI3 crystal [26, 27]. In addition, there were seven diffraction 

peaks were reflected from the FTO lattice plane at 26.4º, 33.5º, 37.5º, 51.3º, 54.5º, 61.5º, 65.3º [28]. 

However, splitting of the perovskite diffraction peak (~27.9º) which was observed in the higher 

concentration sample could be attributed to the phase transition from a cubic to a tetragonal 

crystallographic structure. That was indicated that the less species was passed over the surface of 

substrate leading to very slow growth, forming a strong and more stable structure.  

The most of perovskite crystals tend to grow in a cubic structure, however, the instability of this 

structure due to the existence of a large structural defect density within the crystallographic lattice 

such as point, line or plane defects and/or grain boundaries [29, 31] , which causes a transition into a 

more stable structure at room temperature (e.g. tetragonal) [25]. This defect is usually formed in a very 

high deposition rate and/or high concentration of molecules in the gas stream, in which the molecules 

do not have an adequate amount of time to organise and bond with other atoms/molecules with 

minimal or no defects causing imperfect crystals. It is demonstrated that a stable in-situ cubic phase 

would be formed by using the lower concentration (0.01 M), whereas the higher concentration induced 

the phase transition into tetragonal. To note, this data was collected after storage for two weeks at an 

atmospheric condition. It is explained the phenomenon that to form a stable cubic structure with a low 

defect density, or ideally, zero defect density, the low concentration of reactants and very slow growth 

rate are some of the key parameters.  Needless to say, this is the first study demonstrates or clarifies 

some of the riddles associated with the instability of perovskite materials. 
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Figure  8-11: X-ray diffraction (XRD) patterns of as-prepared films at different precursor 

concentrations and of the FTO coated glass substrate (top graph) with magnification of the two 

main characteristic peaks of MAPbI2 (bottom graphs). 
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The surface of the films prepared by the APCVD process using two different concentration solutions 

(0.01 M and 0.015 M) was examined via optical microscopy under three different magnifications (5x, 

10x, 20x) (Figure  8-12 and Figure  8-13).  Thin film deposited at lower concentration exhibited ultra-

smoother and more homogeneous surface compared to the thin film deposited with the use of higher 

concentration solution. It was indicated that when the streamline flow that contained a less 

number/density of molecules/species per unit volume arrived the substrate surface with very slow flow 

rate resulting in facilitating more time to form more stable bonding (chemisorbed reactions) and 

provide sufficient energy to atoms/molecules which rearranged themselves in a more stable structure 

[32]. The growth of defect free thin film, based on the aforementioned statement, was well established 

in   atomic layer deposition (ALD) and molecular beam epitaxy (MBE).  
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Figure  8-12: Optical microscopy images of the film deposited from a higher concentration 

precursor. 
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Figure  8-13: Optical microscopy images of the film deposited from a lower concentration 

precursor. 

 

Upon investigation, the optical properties of the higher and lower concentration samples were studied 

by UV-Vis-IR spectroscopy. As samples were grown under the same parameters (deposition duration, 

amount of precursor, substrate temperature) shown in Table 8-3, the as-deposited sample at lower 

concentration solution could form a thinner layer compared to the sample deposited with the use of 

higher concentration solution. That was noticed in the strength of the sample absorbance which is 

depicted in Figure  8-14 (a). A higher concentration samples were shown a strong absorption edge at a 

wavelength of approximately 800 nm, corresponding to the bandgap of MAPbI3 perovskite 
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(Figure  8-14 (b)), which is in a good agreement with the reported value of the bulk MAPbI3 [1]. 

However, the low concentration sample did not show a clear peak, which could be attributed to an 

ultra-thin layer. Repeating a number of coating cycle can effectively increase the film thickness, which 

is the next scope of this study.  
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Figure  8-14:  (a) The transmittance spectra of as-deposited films by APCVD process at different 

concentrations and (b) the plot of (αhν)
2
 versus hν for the film prepared at higher concentration 

precursor. 

 

To investigate the structural cubic-phase stability of the low-concentration perovskite sample that was 

left in an ambient atmosphere without any care of storage, X-ray diffraction measurements of the 
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sample were recorded over a period of 70 days (1680 h) at room temperature as shown in Figure 8-15. 

Interestingly, the sample showed stability over 70 days based on the diffraction peaks symmetry. It 

can be noted that from this figure, no change in the XRD peaks or an appearance of new peaks. In 

addition, no shift in the peak positions were observed. It is confirmed that long-term cubic-phase 

stability at room temperature was investigated rather than the commonly pronounced cubic-to-

tetragonal phase transition [1, 2].  
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Figure  8-15: XRD patterns of cubic-phase perovskite material (CH3NH3PbI3) deposited on FTO 

coated glass taken over a period of time indicating the stability of the cubic structural phase for 

the low-concentration sample stored in ambient atmosphere for more than two months. 

 

In a nutshell, it can be concluded that having stability in the formed in-situ cubic crystal structure 

requires a formation of a compositionally uniform material with almost no defects via controlling the 

molecules arrangement within the lattice structure of crystal. This study approved that the APCVD 

deposition method, based on the proposed design (the piezoelectric transducer), is valuable for 

improving the phase stability of MAPbI3.  
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To better appreciate the role of the APCVD films on the application perspective, this current work also 

demonstrated the use of such films in a photovoltaic application with FTO/c-TiO2/MAPbI3/Ag 

configuration. The schematic diagram of the solar cell structure is shown in Figure 8-16. These solar 

cells have been fabricated using an APCVD growth process of MAPbI3 film on the top of a compact 

TiO2 (c-TiO2) that acts as an electron transport layer (ETL) and a hole blocking layer.  

 

Figure 8.16: the schematic structure of the FTO/c-TiO2/MAPbI3/Ag solar cell. 

 

The J-V characteristics of the fabricated solar cell are shown in Figure 8-17. The inset graph in Figure 

8-17 showed the optical image of the solar cell under a test. The short circuit current density (JSC) of 

the device was 0.0713 µA/cm
2
 and the VOC was 0.29 V. The parasitic resistance; shunt (Rsh) and series 

(Rs), is defined to be the inverse slope of I-V curve as can be seen in Figure 8-18.  Rsh and Rs were 

found to be 1x10
10

 Ω and 0.4x10
10

 Ω, respectively. The possible reason, there may be other causes and 

require further investigation, of a high value of Rsh is the capping of TiO2 surface by MAPbI3, which 

may lead to a reduction of the shunt between c-TiO2 and Ag and avoiding the unfavourable charge 

recombination [33]. However, the relatively low JSC is likely due to high Rs that decreased the 

collection efficiency of the carrier at low net electric field across the device closer to VOC [34]. As a 

result, the JSC is reduced. A high value of Rs generally caused by the resistance of the absorber layer, 

contact resistance (between the absorber layer and the metal contact) and the resistance of the metal 

contacts (electrodes) that reduces the current flow [35]. To date, for the best of our knowledge, there 

has not been reported that a perovskite solar cell based on the film deposited by the aforementioned 

transducer integrated APCVD growth process. However, an optimisation of the film thickness and 

reduction of the Rs are required for achieving a high photocurrent density with high open circuit 

voltage to be such what have been reported in the literature (26 mA/cm
2
 and 1.18 V). Nevertheless, it 

is worth mentioning that, this device was stable up to two months as tested and no special care was 

taken to store the device other than keeping it in the sample box. 
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Figure  8-17: The J-V characteristic curve under dark and illumination conditions. 

 

 

Figure 8.18: Illustrated I-V characteristic of MAPbI3-based solar cells depicting the 

shunt resistance (Rsh) and series resistance (Rs). 
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8.5 Summary 

In conclusion, methylammonium lead tri-iodide (MAPbI3) perovskite films were successively 

deposited on FTO coated glass substrate by the atmospheric pressure chemical vapour deposition 

(APCVD)-VIDA. With this approach, it was substantiated that the potential for a deposition of an in-

situ cubic structure that was stable at room temperature without taking care of storage for more than 

two weeks. The concentration of precursor was a key in this growth where the lower number of 

molecules passing over the substrate surface at a lower flow rate, the more stable crystals formed. The 

novelty of this research was to be able to fabricate for the first time a stable in-situ cubic structure at 

room temperature. Unlike most of the other researches have done in this topic where the quasi-stable 

lattice is reverted back to the tetragonal phase, this study was confirmed structural stability of the 

crystal lattice for an extended period of time. In addition to the low temperature fabrication conditions, 

this study was also successful in fabricating the solar cells using this method for the first time. This is 

a proof-of-concept that materials deposited using APCVD technique has a potential to use in the 

photovoltaic solar cell fabrication and further work is required to achieve the higher efficiency 

reported using other methods. 
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The aim of this research work was to develop novel methods for the deposition of perovskite thin 

films that are scalable and industry-accepted techniques such as RF-PECVD and APCVD. Along with 

the scalable process, this work also aimed at producing films that are defect free, with focusing to 

make materials with ATM (Atom to Matter) process. In such a process it is always required to deposit 

films or grow any material with the control of a precursor with one atom resolution. Such a process is 

similar to ALD where materials are obtained with the least defect in the films. As the obtained 

perovskite material (CH3NH3PbI3) has a significant contribution to the understanding of stability 

issues reported in the next generation photovoltaics that has incorporated into perovskite materials 

over the last recent years. 

Currently, in the published literature, the most perovskite films are deposited by spin coating, doctor 

blade, wire wound, inkjet printing, thermal evaporation, dip coating, and CVD. However, in most of 

these processes, it is difficult to control over the amount of a precursor that is applied, as a lot of 

material is squirted/printed/dropped/pushed not providing an adequate amount of time for the atoms 

and/or molecules to organise and bond with other atoms with minimal or no defects. Additionally, few 

of these processes will require a further annealing process to improve the crystallinity and minimise 

the defects. Is it really required to add more steps (process, etc) to obtain a film with larger defects by 

using such processes? Hence, if it is designed a single step process to obtain a film with minimal 

defect density and might result in the most stable material will be an ideal step toward the 

commercialisation of the perovskite solar cells. 

In this research study, the first proof-of-concept was demonstrated to obtain perovskite films that were 

a tetragonal crystal structure in a RF-PECVD process, which that is not reported till date. This 

achievement is encouraging as RF-PECVD process is fully scalable and already available technology 

in the industries. This research was also demonstrated the stable film for more than two months kept in 

normal atmosphere conditions with the use of an ultrasonic transducer crystal to control the size of the 

precursor droplets that were suspended in the N2 streamlines. These droplets interacted with the 

surface of the substrate that was kept at elevated temperature, where additional thermal energy was 

gained by the reactants and further led towards more controlled growth/deposition of the film. In this 

work, high stable cubic phase of perovskite thin films was obtained by APCVD method. It is believed 

that the deposition performed in the non-vacuum with controlled amount of the precursor molar 
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concentration at adequate time available for these atoms will lead to the stable growth with proper 

arrangement of atoms that are extremely stable.  

9.1 Main Outcomes of this Research Study 

Deposition of perovskite films by the RF-PECVD process was shown several barriers which were 

discussed in detail through the thesis. Thoroughly, the supporting arguments and potential reasons 

where required to provide more understating and justification for the observations that were seen in 

this work. An initial PbI2 layer was deposited by spin coating and thermal evaporation processes 

Where the film thickness was fixed Conversion of the PbI2 films into perovskite was observed, 

however, on some occasions, it was partial and/or not converted due to unfavourable deposition 

parameters. A number of interesting findings were reported in this thesis, which in themselves might 

be a primary study for several researchers to contribute to the improvement of the shortfalls for not 

being able to fabricate a solar cell.  

Through the structural and morphological examinations of the PbI2 films, it was observed from XRD 

that both techniques were formed c-oriented films. Increased crystallite size with less macrostrain was 

observed in the evaporated films.  The smoothness of the films was investigated by SEM and AFM. 

The densely packed crystal growth in the spin-coated films was observed, while the decrease in the 

density and the presence of an interferon void were additionally observed in the evaporated films. This 

might further induce the intercalation of the organic compound into the lattice to form perovskite after 

RF-PECVD process. 

With an aid of XRD, the effect of RF-PECVD deposition parameters on the material compositional 

and structural change was studied. Varying the substrate temperature was found to greatly affect the 

perovskite phase formation. At lower temperatures < 100 ºC, the reaction commenced with an increase 

in PbI2 crystallinity. At 100
o
C, the main characteristic peaks of the tetragonal CH3NH3PbI3 crystals 

were observed. Apart from the perovskite, PbI2 crystalline phase was observed in the collected data, 

which suggests that the perovskite material was successfully grown with a residual amount of an 

unreacted PbI2. However, at temperature > 100 ºC, the peaks corresponding to the perovskite were not 

present and the presence of diffraction peaks that correspond to metallic Pb was observed. The effect 

of the variation of the RF power on the microstructure of films was found to be significant. At RF 

power of 25 W, ions present in the plasma gained more energy that increased their flux towards the 

substrate surface, which caused the removal of iodine atoms leaving behind metallic lead (Pb) atoms. 

While the lower RF power (10 W) resulted in the diffusion of the appropriate ions into the PbI2 films 

with successful formation of perovskite. The lower deposition pressure (250 and 500 mtorr), on the 

other hand, resulted in no perovskite growth, whereas the growth was observed for the sample with 
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PbI2 film exposed to ammonia and methane plasma at 1000 mtorr. However, extensive further 

optimisation is required to obtain perovskite material. 

Through the optical and electrical measurements, it was observed that the electronic structure of 

(PbI6)
 
cage was likely to have the main contribution to the excitonic properties of CH3NH3PbI3. 

Although the presence of perovskite diffraction peaks was shown in the XRD data, the predominant 

absence of the optical absorption onset of the perovskite material was observed in the film that was 

grown at different deposition parameters. A higher photo-responsivity was observed for those films 

that were embedded PbI2 and perovskite phase. Meanwhile, the metallic nature of the films was 

observed in the films grown at high RF power > 10 W and lower pressure < 1000 mbar as depicted in 

the XRD. Similar observation reflected on the electrical characteristics of the films by showing a 

conductive I-V behaviour in both dark and light conditions.  

In the RF-PECVD process that was reported here, two step deposition processes were used. However, 

in any CVD process, both the precursors are supposed to available infinitely and hence the obtained 

film will have better stoichiometry. Considering the cost with the use of a scalable process that any 

industrial technique would prefer, in this work, a modified non-vacuum CVD system was used to 

deposit perovskite films at atmospheric pressure, hence the name APCVD.  

By using APCVD approach, it was established that the precursor presented in the bubbler should be 

heated to provide adequate energy to the molecules/atoms. However, the instability of MAI and PbI2 at 

the elevated temperature posed several problems in the deposition of perovskite films. This was due to 

the volatile nature of these molecules/atoms that were difficult to be vaporised in a right stoichiometric 

ratio, as the molecular mass of these components is different. It was observed that DMF was initially 

carried away by the gas owing to its higher volatility and lower molecular mass (73.09 g/mol) leaving 

behind PbI2 and MAI in the bubbler due to the relatively low volatility and higher molecular mass 

(PbI2: 461.01 g/mol, MAI: 158.97 g/mol). Later, it was realised that the different molecular mass of 

each component presented in the solution led to an improper transport of the solute and solvent at the 

same time. This means a sequential transport of the DMF, MAI and PbI2 was corresponding to its 

molecular mass with the available energy. Therefore, an alternative approach to carry DMF, PbI2 and 

MAI simultaneously was used. By using a piezoelectric transducer atomisation, it was possible to 

generate a reproducible and reliable mist that comprised both (MAI and PbI2) contents in the liquid 

precursor. The mist was carried to a hot substrate that was maintained at 115 ± 5 ºC with a lower flow 

rate of the gas containing the mist. The growth of the perovskite films was controlled based on the 

concentration of the precursor and the temperature. The lower concentration of the molecules passing 

over the substrate enhanced the crystallographic stability, where the in-situ cubic structure was 

achieved.  With the use of this novel design of the reactor specifically for the deposition of perovskite 
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films; excellent stability of these films at room temperature without taking care of storage for more 

than two months in an open atmosphere was achieved, providing an alternative approach to obtain the 

stable perovskite film. This study was indicated that the lower number of molecules passing over the 

substrate surface at a lower flow rate provided an adequate amount of time for the atoms to find a 

stable atom pair and form a stronger bond that in turn will lead to more stable as-grown thin film. The 

additional contribution of this research was to be able to grow an in-situ stable perovskite thin film 

with a cubic structure, such films did not degrade and convert to other crystal structures as reported in 

plentiful papers. Other researchers working in this study area have used a higher concentration of the 

precursor (≥ 1 M) that resulted in the quasi-stable lattice; conversion of the as-grown cubic structure 

into the tetragonal structure after a week when storing in a dry box. However, this study was 

demonstrated a structural (cubic) stability of the crystal lattice for an extended period of time kept in 

normal atmospheric conditions where other researches failed to demonstrate. In addition to the low 

temperature and lower concentration of the precursor used for the fabrication of a novel design of the 

reactor to grow films with the bottom-up approach (i.e. Atom by atom or molecules), this study was 

successful in fabricating proof-of-concept solar cells using this method for the first time.  

9.2 Recommendations for Future Research Work 

In this research, the new unexplored methods for growing perovskite material were demonstrated. 

Initial experiments were demonstrated the ability for synthesising the perovskite material by using an 

RF-PECVD process. Despite some of the promising results, there is still needed for further 

optimisation in order to completely convert the PbI2 into perovskite phase that has to be explored in 

the near future by varying the deposition parameters. As a result, it opens up a new avenue to explore 

this growth method. Additionally, it is important to find and/or develop a new gas that acts as a source 

of iodine and lead, which can be used with ammonia and methane, hence there will be the availability 

of the infinite source of the precursor as required for any CVD process.  In addition, the growth 

mechanism proposed is required to be validated with the in-situ experimental methods that would 

support the theoretical calculations and observations with the use of methods like Secondary Ion Mass 

Spectrometry (SIMS), Optical emission spectroscopy (OEM) and Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICPOES). 

There are few other areas in this research study that can be further explored by optimising the material. 

For instance, studying the effect of the thickness of PbI2 film on the perovskite formation can result in 

a significant improvement in the understanding of growth and conversion of PbI2 into perovskite. In 

addition, only three parameters (temperature, RF power, chamber pressure) were used in a limited 

framework in this research study, which leaves a greater opportunity to expand on the study of these 

parameters in greater details by conducting a greater number of experiments, not just with individual 
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parameters but also focusing on the inter dependency of the individual parameters with each other. For 

example, the temperature range between 50 
º
C and 150 

º
C was studied and optimised at the deposition 

duration of 60 min. It would be interesting to explore the effects of duration of the RF-PECVD process 

at a certain temperature. More RF-PECVD parameters such as flow rate of the gas, pre-treatment, 

duration, prior plasma treatment and post H-plasma treatment could also be explored. Further analysis 

of these deposited films and their growth optimisation can be directed/encouraged towards the 

fabrication of photovoltaic cells, which is the key to the future work.   

Several promising results and conclusions were drawn from the novel design of APCVD process, 

which are required to be explored in-depth to understand the governing principles with the in-situ 

experiments to strengthen the theoretical conclusion, especially to the growth dynamics. More 

research on the atomisation of the solution with the use of piezoelectric disc by altering the resonant 

frequency and the thickness of the disc has to be explored. The detrimental analysis of the droplet 

diameter and its distribution (possible Gaussian distribution that provides mean diameter and standard 

deviation) produced during the deposition process, by using an appropriate measuring system, would 

be helpful for more controlled deposition of uniform thin films. An investigation into the dependency 

of the generated droplet on the resonant frequency of the used piezoelectric disc would also add to the 

knowledge of its effect on the properties of deposited films. We have just touched the tip of the 

iceberg in this research area; however, there are lots of unexplored possibilities that can be extended to 

deposition of other materials for various applications.  

 

 

 


