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SUMMARY 

The photovoltaic performance of perovskite solar cells is extremely dependent on 

the crystallization, morphology and interfacial characteristics of the thin films utilized in 

the device, which are affected by a multitude of factors. In this work, I explore routes to 

optimize device performance through optimizing the perovskite crystallization and 

morphology via doping and processing, tailoring the architecture, or optimizing interfaces 

in the perovskite devices. In addition, one major drawback that prevents the large-scale 

practical implementation of perovskites is their susceptibility to performance degradation 

in humid environments. This work will also explore the improvement made to moisture 

stability. Lastly, this work will explore the various applications of the modified perovskite 

devices. 

Chapter 2 discusses work where we demonstrate a simple approach to form a 

microporous PbI2 film, with subsequent conversion to a compact, highly crystalline 

perovskite film. The PbI2 and corresponding perovskite films were further probed by two-

dimensional X-ray diffraction. The resultant perovskite exhibited improved photovoltaic 

performance under ambient conditions with about 50% humidity. The PbI2 microporous 

structure was formed by exchanging residual DMSO with DMF vapor in the PbI2 film, 

which facilitated contact with the methylammonium iodide (MAI) solution. The process 

resulted in the formation of compact, smooth, pinhole-free perovskite films having no 

residual PbI2. Solar cells fabricated using this methodology exhibited power conversion 

efficiencies over 16% with negligible photocurrent hysteresis. 
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Chapter 3 discusses work where we achieved uniform, stable perovskite films 

within a polyvinylpyrrolidone (PVP) polymer frame via mild solution processing in 

ambient air with over 60% relative humidity. In addition to facilitating film formation, the 

hydrophobic PVP served to protect the perovskite grains from atmospheric moisture. Use 

of PVP, coupled with optimization of the deposition parameters, provided for compact, 

smooth, pinhole-free perovskite films that when incorporated into a photovoltaic device 

exhibited highly reproducible efficiencies in the range of up to 17%. In the absence of 

encapsulation, the devices exhibited stable performance characteristics during exposure to 

humid ambient air for 600 hours. Furthermore, on flexible substrates, the 8 wt% PVP-

perovskite samples provided for device efficiencies of ca. 15%. The devices retained ca. 

73% of their efficiency after bending 1000 times with a bending radius of 0.5 cm.  

Transparent quasi-interdigitated electrodes (t-QIDEs) were produced by replacing 

the opaque components of existing QIDEs with indium tin oxide (ITO). Chapter 4 

discusses our work where we demonstrate t-QIDEs application in the first semi-transparent 

back-contact perovskite solar cell. A device with a VOC of 0.88 V and a JSC of 5.6 mA cm−2 

produced a modest 1.7% efficiency. The use of ITO allows for illumination of the device 

from front- and rear-sides, resembling a bifacial solar cell, both of which yield comparable 

efficiencies. Coupled optoelectronic simulations reveal this architecture may achieve 

power conversion efficiencies of up to 11.5%, and 13.3% when illuminated from front- 

and rear-side, respectively, using a realistic quality of perovskite material. 
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Chapter 5 explores the work function tunability of the transparent electrode, 

indium-tin-oxide (ITO), used in perovskite solar cells. In this work, ITO with resistances 

ranging from 9-19 Ω square−1, and transmittances greater than 80% in the visible region 

were produced. Through doping, the work function was tuned up to 5.56 eV, to align well 

with the perovskite valence band. Doping with nickel demonstrated no change to the 

transmittance in the visible region, however there was a significant improvement to the 

transmittance in the IR region. This chapter discusses the future directions of this work in 

the context of perovskite solar cells. 

Lastly, in an attempt to produce large area devices, a modified two-step procedure 

currently being optimized is discussed. This work, discussed in Chapter 6, currently 

demonstrates the importance of the loading time of the MAI/IPA precursor solution. Max 

absorption and highest conversion to the perovskite crystal was observed for the 90 second 

loading time. Using the 90 second loading time to explore the additive effects, the film 

with the best conversion from the PbI2 film to perovskite film and highest absorption was 

the solution that employed 10 µL of DMF and 50 µL of 1M HCl. The films did not require 

a post-annealing step or an anti-solvent step, which is ideal for large-scale development. 

 



 1 

CHAPTER 1. INTRODUCTION 

1.1 Energy and society 

With the growing population and improved standard-of-living comes an increased 

need for energy, specifically in the form of electricity.1 However, the complex 

infrastructure, imperfect markets and dependence on fossil fuel associated with grid power 

create many problems.1-8 Additionally, dependence on grid power fails to provide power for 

over a billion individuals, whether due to location, natural disasters, financial reasons, 

etc.6,9 Of all the reasons to move away from grid power as currently provided, the number 

one driver is its effect on our planet from the retrieval and usage of fossil fuels.3-5  

Any alternative technology will need to alleviate all these concerns, while at the 

same time being a safe, grid-independent replacement. Solar energy is one very attractive 

option.  The energy that is naturally available from the sun is 35,000 times greater than the 

world energy consumption per year. The Sun delivers 1.2 x 105 TW of power onto the 

Earth, surpassing any other energy source by capacity and availability.10  

1.2 Solar cells 

Harnessing the sun's energy represents a simple and elegant alternative to fossil 

fuels. This can be made possible by using solar cells, which can convert solar energy into 

electrical energy. Solar cells do not require moving parts and they can alleviate issues 

associated with noise and pollution, making them clean, reliable and long-lasting sources 

of energy.  
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1.2.1 Solar cell operation 

The basic structures of the solar cells used in this work are shown in Figure 1.1. As 

shown in Figure 1.2a, photons enter the solar cell through the transparent conducting oxide 

(TCO) and make their way to the absorption layer, generating an electron/hole pair.11 

However, the electron/hole pair will only be generated provided that the incident photon 

has an energy greater than the band gap of the absorption layer. The pair separates, and the 

resultant charge carriers are collected by films strategically chosen based upon their 

electronic structure. Specifically, the carriers are separated by the action of the electric field 

existing at the p-n junction. However, if the carrier recombines, then the electron/hole pair 

is lost and no current or power will be generated. Figure 1.2b demonstrates the electrons 

being collected at the n-doped film, and the holes collected at the p-doped film, which for 

the nature of this work will be called the electron transport layer (ETL) and hole transport 

layer (HTL), respectively. Figure 1.2c goes on to show that the collected carriers give rise 

to the current in the external circuit from the electron passing through the load. The band 

diagram in Fig. 1.3 illustrates the electron and hole transport within the device. During this 

process, photons are absorbed by the active layer, and the generated excitons dissociate to 

produce free charges. The work function difference between the electrodes drives the holes 

along the valence band of the active layer, to the anode. On the other hand, electrons from 

the conduction band are transported towards the cathode. The ELT and HTL can act as a 

hole and electron blocking layer respectively, when their bandgap is a large enough 

(exaggerated in Figure 1.3), which discourages recombination. 
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Figure 1-1. Structure of single junction n-i-p (left) and p-i-n (right) solar cells. 

 

 

Figure 1-2. The ideal short circuit flow of electrons and holes in a n-i-p solar cell. 
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Figure 1-3. The band diagram illustrating the electron and hole transport within a 

photovoltaic device. 

1.2.2 Different technologies 

A variety of materials and processes can potentially satisfy the requirements for 

photovoltaic energy conversion. Among the different photovoltaic technologies, the 

industry leader is crystalline silicon and will continue being so for the foreseeable future. 

However, silicon’s record efficiency has increased only marginally, from 25.0% to 25.6%, 

in the past 15 years; and is approaching its theoretical efficiency potential.12 Polman et. al. 

reported that the global PV market is dominated by wafer-based crystalline Si solar 

modules, making up over 90% of the total market share. They discussed the origins of 

losses in silicon cells, highlighting that they are different from other technologies due to 

their different design and mode of operation. Specifically, they attributed their Auger 
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recombination, their low open-circuit voltage, and their high material cost, to the indirect 

band gap of silicon. 

 GaAs and other III-V compound semiconductors have achieved efficiencies of 

over 20%, with record efficiency for a single-junction solar cell achieved using GaAs 

(28.8%).12 However, due to small area fabrication from a relatively energy-intensive 

process, this technology is typically found in a niche market. Also, the use of arsenic 

requires strict encapsulation and recycling protocols. Newer technologies have been 

developed such as CdTe and copper-indium-gallium-selenide (CIGS) thin film solar cells, 

with the goal to reduce costs and enhance versatility. These technologies may have the 

potential to reach cost-effective photovoltaic-generated electricity.13 However, these 

technologies also require a complex growth, sputtering, or evaporation technique.12 Noufi 

et. al.13 also listed long-term stability and the availability of the required materials as 

additional challenges. 

In addition, there is the so-called “emerging technologies”, such as dye-sensitized 

solar cells (DSSCs)14, which provide a technically and economically alternative concept to 

p–n junction photovoltaic devices. A technology that offers a cheap and easy method to 

photovoltaic-generated electricity is organic solar cells15, but their efficiency long term 

reliability must be improved to be competitive. With both of these technologies, and 

micro/nanocrystalline and amorphous Si, Cu(Zn,Sn)(Se,S)2 (CZTS) and quantum dot solar 

cells, light management and carrier management are major problems that must be 

addressed. 
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The most recent and arguably very promising photovoltaic devices are the so-called 

perovskite solar cells (PSCs), that in less than ten years have already achieved power 

conversion efficiency values as high as 23.3% (Figure 1.4).16 These all solid-state, thin-

film devices have arisen from the field of dye-sensitized solar cells17 with the innovation 

of inclusion of the organic–inorganic hybrid lead halide perovskite as the absorber material. 

 

 

Figure 1-4. Best Research-Cell Efficiencies (republished with permission).16 

 

1.3 Perovskite solar cells 

Throughout this dissertation, a detailed introduction necessary to the chapter is 

offered. The performance of perovskite solar cells has improved significantly, starting with 

power conversion efficiencies of 3.9% in 2009 to 23.3% in 201816. Perovskite crystals have 
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an AMX3 structure (Figure 1.5)18, where A is an organic or inorganic cation, M is a metal 

cation, and X is an anion which binds to both cations. For the nature of this work, A= 

caesium (Cs), methylammonium (CH3NH3 - MA), and/or formamidinium (CH2NHCH2 - 

FA); M= lead (Pb); and X=chlorine (Cl), bromine (Br), and/or iodine (I).  

   

 

Figure 1-5. Crystal structure of perovskite with the chemical formula AMX3 

(republished with permission).18 

 

Every individual component in the AMX3 lead perovskites plays a role in their very 

impressive properties. The polar organic moiety (A) has been implicated in the materials’ 

high dielectric constant, the formation of ferroelectric domains19 and in a nanoscale charge 

localization in the valence band maximum and conduction band minimum,20 which may 

play a role in the observed long carrier lifetimes. The halides (X) allow for the band gap of 

the perovskites to be changed dramatically when mixed in different ratios.21, 22 The use of 

a metal ion with a 6s2 or 5s2 lone pair is thought to aid with defect tolerance, a high 

dielectric constant and low electron effective mass.23 The material’s properties were 
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recently dissected by Brandt et. al.,23 where they attributed many of the impressive 

properties of perovskites to the dielectric constant and carrier effective mass. They 

discussed how a high dielectric constant could decrease the carrier capture cross-section, 

which increases τ, the low-injection electron and hole lifetimes. They also outlined how 

the low carrier effective mass and high dielectric constant could increase mobility. Using 

first principles calculations, Brandt et. al screened the Materials Project database, 

containing ~ 27,000 materials, and identified several promising alternatives to the choice 

of materials for use in perovskite solar cells. 

In addition to varying the materials used to fabricate the perovskite crystal, the 

fabrication conditions can also be used to optimize device performance. Perovskites solar 

cells can be fabricated by various techniques, including solution processing techniques 

(Figure 1.6).24 However, this work utilized the one-step and two-step spin-coating process 

(Figure 1.7)25, due to its ease and reproducibility. Im et. al.25 systematically evaluated the 

property-morphology relation from the diverse deposition methodologies of perovskite 

CH3NH3PbI3. Their work demonstrated that both, the one-step and two-step spin-coating 

methods, resulted in reproducible photovoltaic performance, which is ideal for the current 

state of the work discussed in this dissertation. Spin coating starts with a complex solution 

involving various precursor components, solvents, additives, and antisolvents. The 

processing is carried out in an inert-gas glovebox that controls temperature and 

atmospheric conditions. 
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Figure 1-6. Fabrication techniques used for the perovskite crystal in perovskite solar 

cells (republished with permission).24 

 

             

Figure 1-7. One-step (top) and two-step (bottom) spin-coating technique 

(republished with permission).25 
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The one-step spin-coating technique (Figure 1.7 (top)) combines all components 

needed to produce the perovskite crystal in a single solvent. The precursor solution is then 

spun onto the substrate, and then annealed, typically in an inert gas atmosphere. In the two-

step spin-coating process (Figure 1.7 (bottom)), there are now two precursor solutions. The 

first precursor solution only contains the lead halide. The precursor solution is spun onto 

the substrate and then annealed to produce a PbX2 crystalline film. A second precursor 

solution is made containing the materials from A and X. These materials are dissolved in 

a solvent that will not redissolve the PbX2 film. This precursor solution is “loaded” onto 

the PbX2 crystalline film. After the desired loading time is achieved, the precursor solution 

is spun onto the PbX2 film surface and then annealed to produce the perovskite crystal. 

Throughout this work, I explore various precursors, additives, loading times and processing 

procedures. 

Two of the most common perovskite device structures are shown in Figure 1.8. 

They are the mesoscopic nano-structured (left) and planar structured (right) perovskite 

solar cells.26 The device structure, related materials, and interfacial modification are crucial 

factors in optimal device performance. For instance, the layers on each side of the 

perovskite layer can encourage or discourage electrons and holes from travelling in a 

certain direction, preventing recombination. The most common material for an electron 

transport layer is TiO2 due to its large band gap and alignment with the perovskite 

conduction band (Figure 1.9). An organic material is typically used for the hole transport 

layer due to temperature restrictions on the underlaying perovskite layer. In addition, the 

material deposited onto the perovskite layer must also be available in a solvent that will 

not redissolve the perovskite film. However, in Chapter 4, a novel architecture is utilized 
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that allows for CuSCN to be used as the hole transport layer, which aligns well with the 

valence band of the perovskite material (Figure 1.9). 

 

Figure 1-8. Mesoscopic nano-structured (left) and planar structured (right) 

perovskite solar cells (republished with permission).26 

 

                      

Figure 1-9. Energy diagram of a perovskite solar cell fabricated in Chapter 6 of this 

work (republished with permission).27 
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1.4 Weaknesses of perovskite solar cells 

Safety concerns from the lead-based material aren’t the only downfall of the 

perovskite solar cells. Liu et. al.28 used first-principle calculations to explore the effect of 

water on the structure and properties of the organo-lead-iodide perovskite. Their work 

demonstrated that water can easily penetrate the large interspace of the AMX3 perovskite, 

which can corrode the entire structure over time. Kelly et. al.29 demonstrated with empirical 

studies the effect of humid environments on the perovskite active layer. Using in-situ 

absorption spectroscopy, they were able to demonstrate the effect of increased humidity on 

the extent of perovskite degradation (Figure 1.10). Focusing on the 410 nm wavelength as 

a function of time for perovskite films exposed to various relative humidity, they were able 

to determine how quickly the degradation occurs (Figure 1.11). In this preliminary work, 

they postulated the following equation to represent the decomposition of the MAPbI3 

perovskite crystal: 

4𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3  +  2 𝐻2𝑂 =  (𝐶𝐻3𝑁𝐻3𝑁𝐻3)4𝑃𝑏𝐼6 ∗ 2𝐻2𝑂 +  3𝑃𝑏𝐼2 

Their ex situ pXRD data went on to further demonstrate decomposition of CH3NH3I to 

CH3NH2 and HI, ultimately leaving PbI2 as the only byproduct of the reaction. In this work, 

they also demonstrated that an adequate transport layer can have a dramatic impact on the 

stability of the material. In Chapters 2, 3, and in our current work, we look at new 

processing methods and dopants to protect the perovskite crystal from moisture exposure. 
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Figure 1-10. Perovskite degradation with time (republished with permission).29 

                   

                       

Figure 1-11. Degradation rate at varying relative humidity (republished with 

permission).29 
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In addition, perovskite solar cells tend to have issues with reproducibility and 

display hysteresis.30 Hysteresis is an effect observed in the current-voltage measurements 

where the power conversion efficiency values are highly dependent on scan rate, scan 

direction, scan history, and light exposure. Recently, a significant amount of work has gone 

into perovskite solar cell band alignment engineering, through applications of various 

materials (Figure 1.12), to increase efficiency and decrease hysteresis (Figure 1.13).31-37 

Alignment with the perovskite conduction and valence band has been shown to benefit the 

device. Specifically, reports have demonstrated that reducing the mismatch between the 

energy levels of the perovskite active layer and transporting materials promotes the transfer 

of charge carriers and increases the output voltage.31, 32 

 Hagfeldt et. al.31 recently carried out work varying the electron transport layer 

between TiO2 and SnO2. TiO2 exhibits a band misalignment with the MAPbI3 perovskite, 

which they claimed leads to strong hysteresis and scan rate dependent current densities 

(Figure 1.12). This is typically representative of capacitive effects at the interface. SnO2, 

however, achieved a barrier-free energetic configuration, obtaining practically hysteresis-

free power conversion efficiencies of over 18% with record high voltages of up to 1.19 V 

(Figure 1.13). This work demonstrated that engineering the alignment of the perovskite 

conduction band with the electron transport layer can result in planar, high performance 

perovskite solar cells with high voltages and remarkably good stability over time. 
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Figure 1-12. Energy misalignment and alignment with TiO2 and SnO2 respectively 

(republished with permission).31 

 

                       

Figure 1-13. Demonstration of significant hysteresis effect improvement using SnO2 

compared to TiO2 (republished with permission).31 
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Lee et. al.32 demonstrated that alignment with the perovskite valence band also has 

its advantages. A high power conversion efficiency was achieved by enriching poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate  (PEDOT:PSS) with perfluorinated 

ionomers resulting in a self-organizing hole transport material (also referred to as self-

organized hole extracting layer, SOHEL) that aligned well with the valence band of the 

perovskite (Figure 1.14). Their material achieved excellent energy level alignment with the 

valence band of the perovskite, which increased the built-in potential. Due to the increased 

built in potential, the device’s open circuit voltage, fill factor, and short circuit current were 

increased. 

                       

Figure 1-14. Alignment of the modified polymer hole transport layer with the 

perovskite valence band (republished with permission).32 

  

The effects of band alignment with the transparent electrode layer were also 

investigated. Yang et. al.37 attempted to align the electron transport layer with the modified 

electrode layer. They also modified the TiO2 to align better with the perovskite layer 

(Figure 1.15). In this work, they were able to achieve significantly enhanced performance, 
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which they claimed was due to a narrower depletion region. They proposed that this lowers 

the contact resistance and facilitates charge extraction at both interfaces adjacent to the 

modified TiO2. In the work discussed in this thesis, we investigate how any modifications 

improve or impede the hysteresis of the device to expand on the fundamental investigation 

of hysteresis. In addition, Chapter 5 looks at methods for work function modification of 

ITO through a sputtering co-deposition process. 

                        

Figure 1-15. Alignment if TiO2 with the adjacent layers by modifying ITO and TiO2 

(republished with permission).37 

  

Lastly, a concern not directly related to the perovskite itself, but related to the 

current technology for the electron transport layer, is the use of TiO2. TiO2 commonly 

requires sintering temperatures greater than 500°C.38 This limits the architecture of the 

device, forcing an inverted geometry, and restricts the range of substrate materials that it 

can be deposited on. The typical transparent electrode for photovoltaic work is indium tin 

oxide, but temperatures greater than 300°C have been shown to increase the resistance of 

the indium tin oxide by over a factor of 4.39 Fluorine doped tin oxide is a decent electrode 

replacement for indium tin oxide, but recent work looking at the crystal structure of various 
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electrodes vs. temperature demonstrated that even at 500°C the fluorine doped tin oxide 

was degraded, as indicated by changes in its diffraction pattern (Figure 1.16).40, 41 This 

thesis will finish with exploring the doping of indium tin oxide, and how it may lead to a 

viable alternative to the commercial standard ITO as an electron/hole transport layer free 

electrode. 

                         

Figure 1-16. FTO XRD patterns before (below) and after (above) annealing 

(republished with permission).40, 41 

 

1.5 Thesis organization 

The remaining chapters of the Thesis are organized as follows. Chapter 2 will 

introduce the reader to a new processing step for the two-step procedure that produced a 
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very uniform CH3NH3PbI3 film in ambient conditions. This work demonstrated the 

importance of morphology control in the PbI2 phase for high-performance PSCs fabricated 

under ambient conditions. However, this procedure required a post-annealing technique, 

which is not ideal for large-scale fabrication of perovskite solar cells.  Our current and 

future work will build on this work to make it more practical for role-to-role production. 

Chapter 3 will explore incorporation of polyvinylpyrrolidone into the one-step precursor 

solution, which was shown to protect the active material against degradation under humid 

ambient conditions. In Chapter 3, investigation of the materials’ mechanical flexibility and 

integrity was also performed. The flexible solar cells produced an efficiency of ca. 15%, 

whereby the efficiencies were stable over several bending cycles. Chapter 4 focuses on a 

new architecture to reduce parasitic absorption by the top contact. This new class of devices 

offers straightforward strategies for optimization that could significantly increase the 

efficiency. Simulations showed that if these improvements can be achieved, they will offer 

a pathway to efficient, semitransparent photovoltaic devices. Chapter 5 explores a new 

processing procedure for ITO to tune the work function to align better with the valence 

band of the perovskite active layer. Chapter 6 will provide concluding remarks for the 

performed work and future work will be discussed and suggested. 

  



 20 

CHAPTER 2. SOLVENT VAPOR ANNEALING OF ORIENTED 

PbI2 FILMS FOR IMPROVED CRYSTALLIZATION OF 

PEROVSKITE FILMS FOR AIR-STABLE SOLAR CELLS1 

2.1 Introduction 

Organic-inorganic halide perovskite solar cells (PSCs) are now a top candidate for 

high-performance and low-cost thin film photovoltaics, owing to their excellent optical and 

electronic properties including high absorption coefficient,42-44 high electron-hole diffusion 

length,45, 46 and superior power conversion efficiency (PCE).47, 48 Methylammonium lead 

halide (CH3NH3PbX3, MAPbX3) is the most commonly used perovskite for PSC 

applications.49, 50 The first PSCs fabricated using MAPbI3 and MAPbBr3 as a sensitizer in 

a liquid-electrolyte-based dye-sensitized solar cells delivered a modest PCE of 3.8%.51 

During the time of the present investigation, the record PCE was 22.1%, certified by the 

National Renewable Energy Laboratory.52 This efficiency surpasses many other 

photovoltaic technology candidates.53, 54  

The crystallinity and morphology of perovskite films are known to be crucial 

factors in the fabrication of high-efficiency devices.55 Significant research efforts have been 

devoted to the design and processing of perovskite active layers, including approaches such 

as one-step solution spin-coating,56 vacuum vapor deposition,49 and two-step sequential 

deposition processing.57 The goal of all these methods is to prepare compact, smooth 

                                                 
1 Xiong, Hao, Giovanni DeLuca, Yichuan Rui, Yaogang Li, Elsa Reichmanis, Qinghong Zhang, and Hongzhi 

Wang. "Solvent vapor annealing of oriented PbI2 films for improved crystallization of perovskite films in 

the air." Solar Energy Materials and Solar Cells 166 (2017): 167-175. 
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perovskite films with large crystalline grains. Whichever method is used, it is evident that 

optimizing the crystallization and grain growth conditions is critical to enhance device 

performance.  

Park et al. reported an efficient method for preparing high efficiency perovskite 

solar cells under high relative humidity.55 In their research, both substrate and PbI2 

temperature were key factors that controlled perovskite film morphology, which 

determined the final efficiency of the device. Precise control of temperature and humidity 

is difficult, but in the absence of requisite control, resultant perovskite films were not 

smooth, leading to interface defects between the perovskite and hole transport layers. 

Kelly58 and his coworkers explored the effect of relative humidity on crystal growth and 

found that perovskite crystallite size increased with increasing humidity; however, the 

perovskite films prepared under varying humidity conditions were neither uniform nor 

compact. 

To improve the perovskite grain size, many researchers post-modified perovskite 

films by solvent annealing in a controlled environment.59, 60 Lau et al. optimized a solvent 

annealing method to improve crystallization of perovskite films and obtained an efficiency 

of over 13%.61 Though post-solvent annealing can increase perovskite crystallinity, 

excessive residual solvent is harmful to device performance. To avoid the problem 

mentioned above, several researchers modified the morphology of PbI2, immediately 

obtaining uniform perovskite films. For instance, Han et al. first prepared compact 

amorphous PbI2 for dipping deposition, however, the compact perovskite films were 

comprised of grains that were only around 200 nm in size.62 Zhang et al. pretreated PbI2 

with hexamethylphosphoric triamide (HMPA), further reducing the interfacial contact 
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between the perovskite film and TiO2 layer.63 Gong and his collaborators designed a 

mesoporous PbI2 scaffold for high performance planar perovskite solar cells, thereby 

obtaining a highly-crystalline perovskite film.64 Though these results are ideal, preparation 

of large grain-size crystalline perovskite films in the ambient environment is still under 

exploration. 

Inspired by solvent post-annealing, we demonstrate a straightforward method to 

form a high quality, oriented, crystallized PbI2 film using a vapor post-annealing approach. 

The PbI2 film subsequently affords a compact, large grain size, pinhole-free CH3NH3PbI3 

film under humid ambient conditions. It was found that the highly-crystalline perovskite 

films can significantly improve device performance and stability under humid ambient 

conditions.  

2.2 Experimental section 

2.2.1 Materials and reagents 

Unless stated otherwise, all materials were purchased from Sinopharm Chemical 

Reagent Co., Ltd. and used as received. CH3NH3I and Spiro-MeOTAD (2,2’,7,7’-

tetrakis(N,N-di(4-methoxyphenyl)amine)−9, 9’-spiro-bifluorene, purity ≥99.5%) were 

purchased from Xi'an Polymer Light Technology Corp. The TiO2 paste (NJU-SR) was 

purchased from Kunshan Sunlaite New Energy Co., Ltd. FTO glass (14 Ω/□) was 

purchased from Nippon Sheet Glass Co., Ltd. 

2.2.2 CH3NH3PbI3 film fabrication 
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 The perovskite films were fabricated using a sequential deposition process. PbI2 

(462 mg) was dissolved in anhydrous DMF or DMSO at 70 °C, to form a 1 M PbI2/DMF 

or PbI2/DMSO solution. The PbI2/ DMF solution was deposited onto a FTO glass substrate 

by spin coating at 3000 rpm for 30 s, and the resultant film was then annealed for 10 min 

at 70 °C in the ambient to afford dense PbI2 (d-PbI2). The PbI2/ DMSO solutions were spin-

coated onto the substrates at a spin speed of 3000 rpm for 30 s, followed by annealing for 

10 min at 70 °C. The PbI2/DMSO based substrates were divided into two groups. One 

group formed amorphous PbI2 (a-PbI2). The other group was left on top of the hot plate at 

70 °C for 10 min and covered by a glass petri dish. DMF solvent (20 μL) was introduced 

to the edge of the petri dish during the thermal-annealing process. This allowed the DMF 

vapor to diffuse under the edge of the petri dish and into the surrounding space above the 

PbI2 coated substrate and contact the PbI2 film. The DMF vapor was expected to be able to 

penetrate the compact amorphous PbI2 film and promote the growth of PbI2 crystals, 

forming microporous PbI2 (m-PbI2). 

CH3NH3I dissolved in 2-propanol (10 mg/mL) at 80 °C was loaded onto d-PbI2 

coated, a-PbI2 coated and m-PbI2 coated substrate where it remained undisturbed for 20 s 

(loading time). The substrate was then spun at 4000 rpm for 30 s and annealed at 110 °C 

for 10 min, forming the dark perovskite layer. The operation was carried out under humid 

ambient conditions. 

2.2.3 Device fabrication 

 Solar cells having a mesoporous structure were prepared.48 The FTO glass 

substrates (2.5 cm×2.5 cm) were sequentially washed through an ultrasonic treatment in 
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detergent, acetone, ethanol and deionized water, and treated in O2 plasma (DT-01, Suzhou 

Omega Machinery Electronic Technology Co., Ltd.). A thin layer of compact anatase TiO2 

was formed through spin-coating using a mixed solution of titanium source on the clean 

substrates at 2000 rpm for 30 s, followed by a sintering process at 500 °C for 2 h. The 

mixed solution of titanium source was prepared as follows. Tetrabutyltitanate (850 μL) and 

diethanolamine (210 μL) were dissolved in ethanol (2.625 mL) under vigorous stirring for 

1 h. Then 1.25 mL ethanol and 45 μL deionized water were added into the solution under 

vigorous stirring for 24 h. The mesoporous TiO2 layer was deposited by spin coating an 

unfiltered (2:7) TiO2 paste: ethanol solution at 4000 rpm for 30 s and annealed at 500 °C 

for 30 min. After the perovskite films formed, a volume of 25 μL of spiroOMeTAD 

solution (80 mg/mL in chlorobenzene) was spin-coated onto the prepared perovskite film 

at 4000 rpm for 30 s. Finally, the devices were coated with a gold electrode 80 nm in 

thickness by evaporation through an aperture mask in a vacuum chamber. The active area 

of perovskite device is 0.16 cm2. 

2.2.4 Characterization 

 The perovskite film was identified by one-dimensional X-ray diffraction (1D XRD) 

(Model D/max 2550 V, Rigaku Co. Tokyo, Japan) by using Cu Kα (λ=1.5406 Å) radiation. 

Two-dimensional wide-angle X-ray diffraction (WAXD) analysis was conducted using a 

Bruker D8 Discover GADDS X-ray Diffractometer operating at 40 kV and 40 mA, Cu Kα 

radiation. The morphology of the resultant perovskite film was observed by using field-

emission scanning electron microscopy (FESEM, Model S-4800, Hitachi, Japan). Tapping 

mode atomic force microscopy (AFM) imaging was carried out using a Multimode 

NanoScope IV system (Veeco, Santa Barbara, CA) at a scanning range of 2 µm and a 
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scanning speed of 3.001 Hz. Steady-state photoluminescence (PL) spectra were acquired 

with a FLS920 transient optical spectrometer (Edinburgh Instruments, UK). The 

photocurrent density-voltage (J-V) curves of the PSCs were performed by a Keithley model 

2400 source measure unit. A solar simulator (Model 96160 Newport Co., USA) equipped 

with a 300 W xenon lamp was used as a light source, where the light intensity was adjusted 

using an NREL-calibrated Si solar cell with KG-1 filter for approximating the AM 1.5 G 

one sun light intensity. The cell performance parameters, including short-circuit current 

density (Jsc), open-circuit voltage (Voc), fill factor (FF=Pmax /(JscVoc)), and photoelectron 

conversion efficiency (h (%) = Jsc*Voc*FF/total incident energy×100), were measured and 

calculated from the J-V characteristics. The incident-photon-to-current conversion 

efficiency (IPCE) spectra were measured as a function of the wavelength from 350 to 800 

nm using a specially designed IPCE system (Newport Co., USA). Solar cell 

characterization and storage were carried out in ambient room conditions without 

encapsulation. 

2.3 Results and discussion 

2.3.1 Perovskite film characterization 

High-quality perovskite films with no voids in the active layer is a key requirement 

for making high efficiency perovskite solar cells. However, perovskite films prepared in 

ambient conditions are poor, especially using a solvent method when the humidity is 

greater than 40%,57 which derives from the propensity of traditional PbI2 structures to 

absorb water molecules. We optimized the preparation conditions of PbI2 films, and further 

prepared compact, pinhole-free perovskite films in ambient conditions.  
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Based on detailed investigations of perovskite film growth, a model shown 

schematically in Figure 2.1 was proposed. As the films were placed in a closed space, the 

solvent vapor could condense on the PbI2 film surface. Simultaneously, the high substrate 

temperature could lead to solvent re-evaporation, where a simple dynamic near-equilibrium 

may exist.61 It is well known that a rapidly crystalized, layered and dense PbI2 film can be 

obtained under DMF vapor using the traditional method. Alternatively, using DMSO as 

the solvent for the PbI2 precursor solution, an amorphous PbI2/DMSO intermediate is 

expected to form. Through annealing at 70 °C for several minutes, DMF molecules can 

infiltrate the layer and thereby substitute residual DMSO in the film, leading to PbI2 

recrystallization. The exchange between DMF and DMSO forms small pores in the PbI2 

films. PbI2 film morphology and composition will be discussed later. 

        
Figure 2-1. Schematic diagram for the preparation of the three types of PbI2 films 

and corresponding optical photographs. 

 

Figure 2.2a-2.2f depicts FE-SEM images of d-PbI2, a-PbI2 and m-PbI2. Under 

ambient conditions, d-PbI2 formed a dense layer (Figure 2.2a), while a-PbI2 presented a 
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compact, amorphous surface due to the formation of the PbI2•DMSO intermediate (Figure 

2.2b) and m-PbI2 exhibited a microporous structure. Figure 2.3 shows the pore size 

distribution for d-PbI2, a-PbI2 and m-PbI2 film, which are calculated from the FE-SEM 

images. The pore sizes of the m-PbI2 film are bigger than the two other films. Notably, the 

pore sizes of the d-PbI2 film are negligible. 

 

 
Figure 2-2. Surface (left column) and Cross-sectional (right column) FE-SEM image 

of PbI2 films (top row) sample 1(a)(b), sample 2(c)(d) and sample 3(e)(f). 
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Figure 2-3. Pore size distribution for d-PbI2 (a), a-PbI2 (b) and m-PbI2 (c). 

 

Though d-PbI2 can easily interact with CH3NH3I solution via the dipping method,65 

the perovskite film that formed contained residual PbI2. On the other hand, d-PbI2 films 

can react with CH3NH3I efficiently, only requiring the infiltration of CH3NH3I into the 

interstices. However, the dense structure readily absorbs moisture. The absorbed water 

molecules would redissolve CH3NH3I, resulting in a decrease in CH3NH3I solution 

concentration, leading to formation of perovskite cuboids (Figure 2.4a).66 Perovskite 

crystals are also generated from a-PbI2 films due to the stronger binding capacity of 

CH3NH3I vs. DMSO molecules with Pb2+, resulting in homogeneous, perovskite films 

comprised of small crystals (Figure 2.4c).67 The m-PbI2 combines the favorable features of 

d-PbI2 and a-PbI2 films, resulting in formation of compact highly-crystalline perovskite 

films in ambient conditions (Figure 2.4e). The mechanism of crystal growth can be 

explained by the nucleation growth of perovskite crystals.68 During DMF solvent 

annealing, oriented PbI2 crystals reformed, and then became the nucleating point upon 

contact with CH3NH3I solution. 
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Figure 2-4. Surface (left column) and Cross-sectional (right column) FE-SEM image 

of perovskite films sample 1(a)(b), sample 2(c)(d) and sample 3(e)(f). 

 

Two-dimensional wide-angle X-ray diffraction (2D WAXD) is widely used for 

analysis of the structure of solid materials, such as polymer crystals, polymer fibers, thin-

film materials, bulk materials, etc.69-72 The fractions of crystalline, mesomorphic and 

amorphous phases, as well as other structure parameters can be obtained directly from 

analysis of the images that obtain. Through 2D WAXD image analysis, oriented, 

disordered or amorphous phase can be determined by spots, circles or nothing in the 

images, respectively. The brightness in the images represents the crystallinity of film. The 

continuity of circles represents the reduced crystallographic orientation. Figure 2.5 shows 

2D WAXD patterns for PbI2 and the corresponding perovskite films prepared from the 
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three methods. There are strong diffraction arcs (or spots) at Bragg angles 2θ =12.6° 

observed for d-PbI2 and m-PbI2, which is attributed to the (001) lattice plane. The arc width 

of the strongest equatorial reflection provides a strong indication of the degree of 

orientation within the samples. The rings observed in the WAXD data for sample 1 are 

indicative of the random orientation of PbI2 crystals. In contrast, the aligned PbI2 crystals 

show a distinctive molecular orientation, as detected by the discrete reflections in Figure 

2.5c. More importantly, a-PbI2 exhibited weak diffraction arcs at Bragg angles 2θ =9.9°, 

which contributed to the PbI2(DMSO)2 complex.73 To further elaborate PbI2 film 

diffraction data, the one-dimensional X-ray diffraction patterns were both integrated from 

2D WAXD and measured by an XRD detector. 

       
Figure 2-5. Two-dimensional WAXD pattern (covered from 2θ=5° to 2θ=20°) of 

PbI2 from sample 1 (a), sample 2 (b), sample 3 (c) and corresponding perovskite 

films (d-f). 
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Though more information about the PbI2 films can be obtained from 2D WAXD, 

such as oriented crystallization and residual stress, the 2D and 1D XRD results are 

essentially the same. Figure 2.6 shows 1D XRD spectra measured from the 1D detector 

and integrated from 2D XRD. The a-PbI2 films shown in Figure 2.6a have a broadened 

diffraction peak at 2θ =9.9°. The 1D XRD patterns of d-PbI2 and m-PbI2 in Figure 2.6 show 

intense peaks at 2θ =12.6° (001), 25.5° (002), 38.5° (003) and 52.2° (004) corresponding 

to the characteristic peaks of the PbI2 layer.74 It has been reported that PbI2 crystals 

deposited from DMF solvent grow in a preferential orientation along the c axis.75 For m-

PbI2, we find that the (001) diffraction peaks increase in intensity, suggesting a stronger 

degree of the PbI2 oriented crystallinity. The diffraction peaks of the perovskite films 

resulting from the corresponding PbI2 films were observed at 2θ values of 14.39° (101), 

28.35° (220) and 31.93° (141).76 In addition, other diffraction peaks at 2θ values of 20.08° 

(200), 24.60° (220), 40.81° (400) were found in sample 3, which were growth in a manner 

that conforms to the heterogeneous growth mechanism.77 The signature peak of PbI2 at 

12.6° was observed in sample 2 (Figure 2.6b and 2.6d), which was a result of the 

incomplete consumption of PbI2 in ambient conditions.78 
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Figure 2-6. One dimensional XRD spectra of PbI2 films and corresponding 

perovskite films integrated from Two WAXD pattern (a)(b), measured from One 

WAXD pattern(c)(d). 

 

Figure 2.7a shows the UV–vis absorption spectra of d-PbI2, a-PbI2 and m-PbI2. The 

highest absorption among the three alternatives is exhibited by d-PbI2. In Figure 2.7a, m-

PbI2 shows a slight decrease in the absorbance throughout the spectrum, which can be 

explained by oriented PbI2 crystal structure. The minimal absorbance observed for a-PbI2 

film is attributed to the amorphous nature of PbI2, as demonstrated by both FE-SEM images 

and XRD. Figure 2.7b presents the UV–vis absorption spectra of the resultant perovskite 

films. The maximum absorption was observed for sample 3 and is attributed to the larger 

crystallite size and better grain interconnectivity as shown in FE-SEM image (Figure 2.4). 
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Figure 2-7. UV-visible absorption spectra of PbI2 films (a) and corresponding 

perovskite films (b) on FTO glass. 

  

Photoluminescence (PL) spectroscopy provides insightful information on the 

charge carrier extraction properties of solar cells fabricated from the three perovskite 

samples. CH3NH3PbI3 is a highly luminescent material, which means that the quenching 

of its PL intensity can be used as a measure of the charge extraction ability of the perovskite 

layer.79 Figure 2.8a presents the PL spectra of the samples investigated here. The perovskite 

PL spectra show an intense peak at 770 nm (eV), which is in good agreement with the 

absorbance spectra. For sample 2, however, a blue-shift to 765 nm was observed. This 

change in absorbance is believed to be related to the presence of unreacted PbI2.80 

Additional support for the presence of PbI2 ID derived from Energy Dispersive 

Spectrometer data pertaining to the measured Pb/I ratio shown in Table 2.1.  
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Table 2-1. Atomic percentages in the perovskite film. 

Perovskite 

Film 

C Si I Pb Al Sn O I/Pb 

Sample 1 33.04 1.88 20.12 7.20 5.77 14.53 17.45 2.79 

Sample 2 36.40 2.46 18.98 7.36 6.34 15.86 12.61 2.57 

Sample 3 36.70 1.51 23.94 8.13 4.43 13.31 11.99 2.94 

 

From the data analysis, the elemental Pb content is slightly enriched in the film 

which supports the UV–vis analysis above. To study the dynamics of electron lifetimes 

between the devices, time-resolved photoluminescence (TRPL) spectroscopy was also 

performed. Figure 2.8b illustrates the TRPL spectroscopic analysis of three perovskite 

films fabricated on FTO glass. Such measurements provide quantitative information 

associated with light-induced charge separation.81 Samples 1 and 2 exhibited a time 

constant of τe =16.76 ns, and τe =22.60 ns, respectively, whereas sample 3 exhibited a better 

value of τe =32.14 ns. Charge carriers possessing longer lifetimes are expected to have a 

lower defect concentration.82 The higher electron lifetime is due to the low recombination 

rate. The increase in photocurrent density is likely to be in part related to the rapid transport 

rate, associated with the efficiency of charge collection. 
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Figure 2-8. (a) Photoluminescence of perovskite samples on FTO glass. (b) TRPL 

data for perovskite sample. 

 

2.3.2 Photovoltaic performance of perovskite solar cells 

 After optimizing the compact pinhole free perovskite film in ambient conditions 

with ~50% humidity, solar cells were fabricated with a device architecture of 

glass/FTO/compact TiO2/mesoporous TiO2/CH3NH3PbI3/spiroOMeTAD/Au. To ensure 

consistency and accuracy, several independent methods were used to investigate 

photovoltaic performance. Perovskite solar cells often exhibit hysteresis, which relates to 

the quality of perovskite layer.83 Poor quality of the perovskite film will result in 

capacitance between the perovskite and other layers.84 Power conversion efficiencies were 

determined by current-voltage characterization by sweeping the voltage from negative to 

positive (forward scan) and positive to negative values (reverse scan). The Jsc of the devices 

was calibrated against the monochromatic incident photon-to-electron conversion 
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efficiency. The devices were further tested under maximum power point tracking to 

investigate the device stability.  

 Figure 2.9a–2.9c shows the current-voltage curve of the three types of solar cells. 

Cells fabricated from samples 1 and 2 exhibited significant hysteresis, while little 

hysteresis was observed from solar cells based on sample 3. A rough, pinhole containing 

perovskite film leads to capacitance between the perovskite film and other layers, following 

the charge-discharge taking place at the interface of the perovskite and hole transporting 

layers.85 Table 2.2 summarizes the typical device performance based on the above-

mentioned structure.  

Table 2-2. Parameters of best devices. 

Perovskite film Scan direction Voc (V) Jsc (mA/cm2) FF (%) PCEbest (%) 

Sample 1 Forward 0.92 19.01 48.65 8.50 

Reverse 0.92 18.93 57.79 10.06 

Sample 2 Forward 0.92 21.30 54.95 10.81 

Reverse 0.96 21.23 62.44 12.77 

Sample 3 Forward 1.07 21.06 70.70 15.93 

Reverse 1.08 21.02 70.67 16.01 

 

For the device using sample 1 films, an efficiency of 10.06% was obtained with a 

Voc of 0.92 V, Jsc of 18.93 mA/cm2 and a FF of 57.79 under reverse scan. A poor efficiency 

of 8.50% with a Voc of 0.92 V, Jsc of 19.01 mA/cm2 and FF of 48.65 was achieved under 

forward scan. The devices show significant photocurrent hysteresis, a noteworthy feature 

of perovskite trap states, which generate capacitance at the interfaces. Sample 2 device 
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performance reached a medium level compared to the reference with an efficiency of 

10.81% obtained from a Voc of 0.92 V, Jsc of 21.30 mA/cm2 and FF of 54.95 under forward 

scan, while an efficiency of 12.77% with a Voc of 0.96 V, Jsc of 21.23 mA/cm2and a FF of 

62.44 under reverse scan was achieved. As expected, devices fabricated from sample 3 

films exhibited the best performance, namely a champion PCE of 16.01% with Voc of 1.08 

V, Jsc of 21.02 mA/cm2 and a FF of 70.67 under reverse scan. An efficiency of 15.93% 

with Voc of 1.07 V, Jsc of 21.02 mA/cm2 and a FF of 70.67 under forward scan was 

achieved. The low FF of solar cells fabricated using sample 1 films can be attributed to the 

rough nature of the perovskite films. It is widely believed that the FF is the key parameter 

associated with perovskite device performance, which may be related to carrier 

recombination at the interface between perovskite films and electron/hole transport 

layers.86  
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Figure 2-9. J-V curves under both (black line) forward and (red line) reverse scans 

for best devices. (a) sample 1 (b) sample 2 (c) sample 3. 

 

Figure 2.10 depicts the two-dimensional AFM images which reveal the overall 

topography of the sample 1, 2, and 3 procedures. The morphology varies significantly with 

sample preparation procedure and corroborates the FE-SEM results (Figure 2.4). The root 

mean square (rms) roughness of the three samples are 172 nm, 56.4 nm, and 39.8 nm 
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respectively. This kind of relative decrease in rms roughness of the perovskite active layer 

is expected to be advantageous, because it can lead to enhanced Voc as shown by Li et al.87 

 

Figure 2-10. AFM images of perovskite films from sample 1 (a), 2(b) and 3 (c). 

  

Figure 2.11a shows IPCE measurement of devices with sample 1 (black line), 2 

(red line) and 3 films (green line). The curves start increasing rapidly at around 770 nm, 

which is related to the optical absorption edge of the perovskite films.88 Between 450 nm 

and 800 nm, the absorption profile of devices based on sample 1 is lower than those of 

sample 2 and sample 3, which may derive from fewer perovskite grains. Between 350 nm 

and 450 nm, the absorption of the sample 2 device decreased sharply, due to incomplete 

perovskite grain formation compared to the other two devices. To check the stabilization 

or saturation point of photocurrent in solar cells with the different perovskite formation 

protocols, the stabilized power output close to the maximum power point was carried out 

at the voltage of 0.82 V (sample 3), 0.73 V (sample 2) and 0.68 V (sample 1). The steady-

state photocurrent represents the actual power output and is used to accurately characterize 

the device efficiency. As shown in Figure 2.11b, under simulated AM1.5 G radiation (100 

mW/cm2) and bias voltage at the maximum power point, sample 3 produced a more stable 
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output current than the other two samples, with the latter showing a diminished current 

over time. 

 

 

Figure 2-11. (a) IPCE spectra of the devices with different perovskite films. (b) The 

steady-state current measured at the maximum power point for sample 1 (0.68 V), 

sample 2 (0.73 V) and sample 3 (0.82 V). 

  

Furthermore, statistical data regarding the photovoltaic parameters for the three 

solar cell fabrication methods are plotted in Figure 2.12, where the data are obtained from 

14 or more cells. Most of the parameters associated with perovskite solar cells fabricated 

from sample 3 were superior to those obtained from the alternate methodologies, which 

provides further evidence that better quality perovskite films afforded better device 

performance. 
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Figure 2-12. Statistical data for efficiency (a), Voc (b), Jsc (c) and FF (d) of three 

types of devices. 

  

2.4 Conclusion 

In summary, a low-cost and simple two-step deposition technique was developed 

to form microporous PbI2, based on post-annealed processing in ambient conditions. We 

investigated the effect of the crystallinity of PbI2 films on resultant perovskite films and 

ultimate photovoltaic performance. A power conversion efficiency of 16.01% was achieved 

with devices fabricated from PbI2 films having a mesoporous structure. The CH3NH3PbI3 

film morphology that resulted from the mesoporous precursor was very uniform as 

confirmed by AFM images. These results demonstrate the importance of morphology 

control in the PbI2 phase for high-performance PSCs fabricated under ambient conditions. 

The simple technique presented here could be used to prepare large area perovskite solar 

cells in ambient conditions. 
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CHAPTER 3. MODIFYING PEROVSKITE FILMS WITH 

POLYVINYLPYRROLIDONE FOR AMBIENT-AIR-STABLE 

HIGHLY BENDABLE SOLAR CELLS2 

3.1 Introduction 

As certified by the National Renewable Energy Laboratory (NREL), the power 

conversion efficiency of perovskite solar cells (PSCs) had reached 22.7% when fabricated 

using an optimized device architecture during the time of this work.89 The dramatic 

improvements that led to such high efficiencies were due to the excellent semiconductor 

properties of AMX3 perovskite films, such as a high absorption coefficient in the visible 

region, ambipolar charge transport, and long carrier lifetime.90-93 The benefits of 

perovskites are also reflected in their ease of synthesis, that has enabled fabrication of high 

efficiency devices using various solution deposition techniques, such as spin coating94, 

doctor-blade coating95, slot-die coating96 or ink-jet printing97. Even though solvent94 and 

interfacial engineering98 have led to more homogeneous and relatively defect-free 

perovskite films, a number of key issues remain. If PSCs are to be technologically and 

commercially viable, challenges that must be overcome include not only the inherent 

toxicity of the material due to the presence of lead, but more importantly, limited device 

life-times associated with susceptibility to ambient air and possible ion migration within 

the crystal lattice. Thus, for PSCs to be able to generate electricity continuously, long-term 

                                                 
2 Xiong, Hao, Giovanni DeLuca, Yichuan Rui, Boxin Zhang, Yaogang Li, Qinghong Zhang, Hongzhi Wang, 

and Elsa Reichmanis. "Modifying Perovskite Films with Polyvinylpyrrolidone for Ambient-Air-Stable 

Highly Bendable Solar Cells." ACS applied materials & interfaces (2018). 
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stability is a necessary prerequisite, and further, the crystal structure must be stabilized in 

order to obtain high efficiency devices with steady output power.99  

Efforts to address perovskite stability include approaches such as interface 

modification100, dopants101, component selection102, and encapsulation103, among others. 

For instance, Graetzel and coworkers modified the surface of MAPbI3 by spin-coating its 

precursor solution in the presence of butylphosphonic acid 4-ammonium chloride,104 while 

others used a self-assembled hydrophobic fluoroalklsilane coating on the surface of the 

perovskite films.105 Very recently, it was reported that the addition of a polymer into the 

precursor solution, in a one-step deposition process, can tune perovskite morphology 

thereby enhancing device stability in air. Examples of polymers that have been explored 

include polyethylene glycol (PEG)106, phenethylamine107, polyurethane108, etc. However, 

incorporation of these polymers into the film had a negative impact on the MAPbI3 

perovskite film morphology, because of steric hindrance induced by the polymer used.  

Polyvinylpyrrolidone (PVP) is an alternative polymer that has been investigated in 

efforts to stabilize the active layer, however, the resultant perovskite films continued to 

have an unacceptably high number of defects.109-111 PVP is an attractive additive because 

of its strong polar carbon-oxygen double bond, which is expected to interact with the 

perovskite precursor components and thereby stabilize the perovskite crystal structure. 

Here, we demonstrate how commercial PVP, coupled with optimization of the deposition 

parameters, provides for defect free perovskite films. PVP K-30 (Mw = 40,000 g/mol; K-

value of viscosity for a 1% solution ~30) was directly introduced into the perovskite 

precursor solution, and through optimization of the perovskite precursor to additive ratio, 

was shown to facilitate formation of highly compact and uniform perovskite films, which 
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in a device configuration exhibited efficiencies in the range of 16%. The PVP-perovskite 

system displayed excellent stability upon storage in ambient air (relative humidity ≥ 60%) 

and further, was shown to provide a platform for flexible perovskite device fabrication.  

3.2 Experimental section 

3.2.1 Materials and reagents 

All materials were purchased from Sinopharm Chemical Reagent Co., Ltd. and 

used as received, with the exception of the following: CH(NH2)2I (FAI), CH3NH3Br 

(MABr), and Spiro-MeOTAD (2, 2’, 7, 7’- tetrakis (N, N – di ( 4 - methoxyphenyl) amine) 

- 9, 9’-spirobifluorene, purity ≥ 99.5 %) were purchased from Xi'an Polymer Light 

Technology Corp. Fluorine doped tin oxide (FTO) coated glass (14 Ω square−1,) and 

indium tin oxide (ITO) coated PET (Polyethylene terephthalate) (7 Ω square−1） were 

purchased from Nippon Sheet Glass Co., Ltd. Polyvinylpyrrolidone (PVP, Mw=40,000 

g/mol) was purchased from Sigma-Aldrich. 

3.2.2 Perovskite device fabrication 

FTO conductive glass was washed through sequential ultrasonic treatment in 

detergent, acetone, ethanol, and deionized water, and was then treated in an O2 plasma for 

30 min (DT-01, Suzhou Omega Machinery Electronic Technology Co., Ltd.). Low 

temperature SnO2 electron transport layers were prepared according to the method 

described by Chattopadhyay.112 SnCl2·2H2O (22.56 mg) was dissolved in 10 ml isopropyl 

alcohol, and the resulting solution was stirred at reflux temperature (70 C) for one hour 

and then aged for 6 h to form the sol. A volume of 50 μl of nanoparticle SnO2 sol was spin-
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coated onto either an FTO glass or ITO/PET substrate, and then sintered on a hotplate at 

90 C for 3 h.  

PbI2 (507 mg, 1.1 mmol), PbBr2 (73.4 mg, 0.2mmol), FAI (172 mg, 1.0 mmol), and 

CH3NH3Br (22.4 mg, 0.2 mmol) with 0-12 wt% PVP were added to 1.0 mL of 

dimethylformamide and dimethylsulfoxide (4:1, v/v), and the resulting mixture was stirred 

at 80 C until all components were dissolved. The resulting hybrid perovskite precursor 

solution was spin-coated onto SnO2/FTO or SnO2/ITO substrates at 3000 rpm for 30 s using 

a one-step method. During spin-coating, the samples were washed with toluene, a non-

polar solvent. The perovskite films were then annealed at 110 C for 10 min on a hotplate 

while covered by a petri dish to further remove residual solvents. A spiro-OMeTAD 

solution (25 μL) was then spin-coated onto the as prepared perovskite film at 4000 rpm for 

30 s. All operations were carried out in ambient air without controlling relative humidity.113 

Finally, the devices were coated with an 80 nm gold electrode by evaporation through an 

aperture mask in a vacuum chamber. The active area of the perovskite device was 0.16 

cm2.  

3.2.3 Characterization 

The perovskite film was characterized by X-ray diffraction (XRD) (Model D/max 

2550V, Rigaku Co. Tokyo, Japan) by using Cu Kα (λ=1.5406 Å) radiation. The 

morphology of the resultant perovskite film was observed by using field-emission scanning 

electron microscopy (FESEM, Model S-4800, Hitachi, Japan). Tapping mode atomic force 

microscopy (AFM) imaging was carried out using a Multimode NanoScope IV system 

(Veeco, Santa Barbara, CA) at a scanning range and speed of 2μm and 3.001 Hz, 
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respectively. Steady-state photoluminescence (PL) spectra were acquired with a FLS920 

transient optical spectrometer (Edinburgh Instruments, UK). Ultraviolet photoelectron 

spectroscopy characterization of the PVP-perovskite film was performed using a 

monochromatic He I light source (21.2 eV) and a VG Scienta R4000 analyzer. The 

photocurrent density-voltage (J-V) curves of the PSCs were acquired using a Keithley 2400 

Source Measuring Unit. A solar simulator (Model 96160 Newport Co., USA) equipped 

with a 300 W Xenon lamp was used as a light source, where the light intensity was adjusted 

using an NREL-calibrated Si solar cell with KG-1 filter for approximating the AM 1.5G 

one sun light intensity. The cell performance parameters, including short-circuit current 

density (Jsc), open-circuit voltage (Voc), fill factor (FF=Pmax/(JscVoc)), and photoelectron 

conversion efficiency (h (%)=Jsc*Voc*FF/total incident energy×100), were measured and 

calculated from the J-V characteristics. The incident-photon-to-current conversion 

efficiency (IPCE) spectra were measured as a function of wavelength from 300 to 800 nm 

using a specially designed IPCE system (Newport Co., USA). Measurement and storage of 

the devices were performed in ambient conditions and without encapsulation. 

3.3 Results and discussion 

3.3.1 PVP-Perovskite film formation 

While a one-step perovskite deposition method generally leads to films comprised 

of large, cuboidal grains;114 upon storage in humid (relative humidity greater than 60%) 

environments, the perovskite layers decompose rapidly. It was recently postulated that 

water catalyzes the decomposition of perovskite through the reversible reactions shown 

below:115 
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[CH3NH3
+PbI3]

𝑛
+ H2O ⇄ [(CH3NH3

+)𝑛−1(PbI3)𝑛][H3O+]+CH3NH2                   (1) 

[(CH3NH3
+)𝑛−1(PbI3)𝑛][H3O+] ⇆ HI + PbI2 +  [(CH3NH3

+)(PbI3)𝑛−1 + H2O]    (2) 

Here, we describe the preparation of perovskite films with not only enhanced 

stability, but also flexibility, under ambient conditions using PVP as an additive, coupled 

with optimization of the deposition parameters. PVP was selected because of its polar 

characteristics that derive from the carbon-oxygen double bond (carbonyl group: C=O) 

present on each monomer unit. The C=O group was expected to interact with other polar 

species present in the perovskite precursor solution through hydrogen bonding, thereby 

facilitating incorporation of the polymer into the active material matrix during film 

deposition. Mechanistically, the long chain PVP was expected to form a framework around 

the perovskite crystals, thus creating a barrier to moisture penetration into the inorganic 

lattice. In addition, incorporation of the flexible polymer might allow some latitude in 

bending devices fabricated on plastic substrates, thereby maintaining performance.  

As evidenced by the FE-SEM surface and cross section images (Figure 3.1a-3.1d, 

Figure 3.1i-3.1l, respectively), perovskite morphology changed dramatically upon 

incorporation of PVP, and notably, the PVP modified layers appeared more uniform and 

homogeneous. As presented in Figure 3.1e-3.1h, the particle/grain size changed when PVP 

was added to the precursor solution; for 0, 4, 8 and 12 wt% PVP-perovskite films, the grain 

sizes were ca. 400 nm, 100 nm, 210 nm, and 350 nm respectively. In addition, in the 

presence of PVP, the perovskite films exhibited a narrower particle size distribution. While 

in all cases, inclusion of PVP afforded more homogeneous structures, when the 
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concentration of PVP exceeded 12 wt%, the film appeared to develop large voids between 

individual perovskite grains. This is attributed to the transformation of the perovskite 

crystals derived from inductive effects116 and the space location-obstruct effect117 of PVP 

(vide infra). Atomic force microscopy (AFM) analysis (Figure 3.2a-3.2d) provided insight 

into the surface roughness of as prepared films (Sq, root mean square height). Whereas the 

parent perovskite presented a Sq value of 19.34 nm (Figure 3.2a), that for 4.0 wt% PVP 

(Figure 3.2b) was only 7.96 nm, meaning that the surface was much smoother. For 

comparison, Sq for 8 and 12 wt % PVP-perovskite was 14.32 nm (Figure 3.2c) and 17.39 

nm (Figure 3.2d), respectively. The AFM results were consistent with SEM observations. 
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Figure 3-1. Surface and Cross-sectional FE-SEM image of perovskite films without 

PVP (a, i) and with PVP at 4 wt% (b, j), 8 wt% (c, k), and 12 wt% (d, l) 

concentrations. Particle size and distribution for corresponding images (e-h). 
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Figure 3-2. AFM images of 0 wt% (a), 4 wt% PVP (b), 8 wt% (c) and 12 wt% (d) 

PVP-perovskite films. 

 

From examination of the characteristic XRD patterns presented in Figure 3.3a, 0 

wt%, 4 wt%, and 8 wt% PVP-perovskite grains on FTO glass were well-crystallized, 

presenting signature peaks at 2and . However, 

several different peaks were observed in the diffraction patterns owing to the varying PVP 

content. With increasing PVP concentration, the characteristic 2θ perovskite peak at 14.39º 

underwent a shift to a slightly lower value, as seen in the upper inset. This shift is indicative 

of residual stress between PVP and the perovskite crystals, which is a phenomenon found 

in other materials.118 At lower PVP concentrations, this stress did not significantly 

influence overall film morphology. However, for PVP content above 12%, diffraction 

peaks attributed to residual PbI2 and stress induced damage to the crystal structure were 

observed at 2θ ~12.6º (001). Conceivably, the small feature observed at 12.6 originates 

from the non-perovskite phase of FAPbI3 that begins to form at higher concentrations of 
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PVP. The XRD analysis is consistent with the morphologies identified by SEM (Figure 

3.1): note the lighter, roughened edges of the perovskite grains in Figure 3.1d.     

    

 

Figure 3-3. (a) XRD patterns of PVP-perovskite films. The diffraction peaks 

originating from the perovskite phase, non-perovskite phase, unreacted PbI2 and 

the FTO substrate are marked by α, δ, ω, and * respectively. (b) FT-IR spectra of 

PVP-perovskite films, and pure PVP (green); (c) UV-Vis absorbance data of 0 PVP-

perovskite films; and (d) Tauc plots of 0 wt% (black), 4 wt% (red), 8 wt% (blue), 

and 12 wt% (magenta) PVP-perovskite films. 

 

FT-IR spectroscopy was used to investigate the presence of chemical interactions 

between PVP and the perovskite. Spectra within the range of 4000-1000 cm-1 for pure PVP, 
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pristine perovskite and PVP-perovskite films with varying concentrations of PVP are 

presented in Figure 3.3b. The higher polymer concentration sample was selected for FTIR 

analysis to enable identification of interactions and band shifts. The main spectral features 

to be considered in the pure PVP film are the tertiary amine group deformation modes at 

1458 cm-1 and the carbonyl group vibration at 1676 cm-1.119 The C-N bending vibration 

appears at 1716 cm-1 in pristine perovskite; however, in the presence of PVP, the C-N band 

shifts to lower wavenumbers as the PVP concentration is increased. This observed shift 

may derive from interactions between perovskite C-N and PVP C=O groups. While peaks 

associated with C-N and N-H stretching are not obvious in the pristine perovskite film; the 

PVP C-H and N-H vibrational modes appear as intense bands at 3500-3000 cm-1 in PVP 

doped perovskite films. UV-Vis spectral analysis (Figure 3.3c) demonstrated that the 

incorporation of PVP into the perovskite layer led to a slight decrease in the absorption of 

visible light, where the parent perovskite exhibited the highest absorbance. The bandgap 

was calculated by applying Kubelka-Munk (K-M) analysis to the measured diffuse 

absorption spectra as follows:120 

(𝛼ℎ𝜈)2 = 𝐶(ℎ𝜈 − 𝐸𝑔) 

Where α represents the absorption coefficient, h represents Planck’s constant, ν is 

the frequency of light, Eg is the bandgap of the material, and C is the proportionality 

constant - not related to Eg. The Tauc plot presented in Figure 3.3d was used to determine 

the perovskite bandgap as a function of PVP concentration. While the pristine perovskite 

bandgap was calculated to be 1.60 eV, incorporation of up to 12 wt% PVP led to a gradual 

increase in bandgap to 1.65 eV (Table 3.1). This change is attributed to the Pb2+ 4f core-

level peak-shift, which dominates the perovskite bandgap.121  
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Table 3-1. Bandgap values calculated from UV-Vis and ultraviolet photoelectron 

spectroscopy data. 

PVP concentration 

(wt%) 

Bandgap 

(eV) 

Valence band 

(eV) 

Conduction band 

(eV) 

0 1.60 -5.1 -3.5 

4 wt% 1.63 -5.2 -3.57 

8 wt% 1.645 -5.3 -3.655 

12 wt% 1.65 -4.6 -2.95 

 

Ultraviolet photoelectron spectroscopy (UPS) was used to evaluate the effect of 

PVP on perovskite electronic properties.122 Notably, incorporation of PVP led to a 

significant decrease in energy of the valence band (EVB) from -5.1 eV to -5.3 eV, as 

measured by UPS, using He(I) emission (hν =21.2 eV) as the light source (Figure 3.4). The 

VB edge energy (EVB) values, with reference to the vacuum level, were calculated to be -

5.1 eV for the parent perovskite, and -5.2 eV, -5.3 eV and -4.6 eV for the 4, 8 and 12 wt% 

PVP-perovskites, respectively. The conduction band edge energies (ECB) were then 

determined from the Eg and EVB values; ECB for the parent was -3.5 eV, a value that is 

slightly deeper than that of the 4 and 8 wt% PVP-perovskite samples (-3.6 eV, -3.7eV). 

The incorporation of 12 wt% PVP afforded a material having an ECB value of -2.95 eV, 

pointing to the existence of a non-perovskite phase. In principle, the deeper perovskite 

conduction band could be expected to enhance charge transfer from the perovskite to the 

electron transport layer.123 
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Figure 3-4. Valence band spectra of perovskite films with 0 wt% (black), 4 wt% 

(red), 8 wt% (blue) and 12 wt% (magenta) PVP on silica wafer. 

 

XPS analysis was used to further investigate the changes in binding energy of the 

perovskite core level peaks in the presence and absence of PVP. The survey spectra of 

perovskite prepared with varying PVP concentration is presented in Figure 3.5.  
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Figure 3-5. Survey XPS spectra of 0 wt% (black), 4 wt% (red), 8 wt% (blue), and 12 

wt% (magenta) PVP-Perovskite samples. 

 

All of the samples were prepared on silicon substrates. All the fabricated films show 

nearly the same XPS peaks and intensities, indicating that the components present in all of 

the films are the same. The iodine, oxygen, nitrogen, carbon, lead and bromide atom 

binding energies are shown in Figure 3.6a-3.6f. The spin-orbit split components of I3d3/2 

and I3d5/2 are shifted slightly to lower energy (Figure 3.6a). The peak height of the I3d peaks 

(arising from the PbI6 octahedra) decreases slightly with increasing PVP content. 

Abnormal deviations can also be observed in the split components of O1s, N1s, C1s, Pb4f 

and Br3d (Figure 3.6b-3.6f), all of which support the premise that the PbI6 octahedra were 

disrupted by PVP chains and is consistent with XRD analysis.  
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Figure 3-6. Core-level XPS spectra for 0 wt% (black), 4 wt% (red), 8 wt% (blue), 

and 12 wt% (magenta) PVP-perovskite films: (a) I3d, (b) O1s, (c) N1s, (d) C1s, (e) 

Pb4f and (f) Br3d. (g) Schematics of the variation of perovskite crystals with PVP 

concentration increasing. 
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Even more remarkably, the spin-orbit split components of pristine perovskite show 

low strengths at 533.3 eV and 532 eV for O1s2/2 and O1s1/2, respectively. The peak at 533.3 

eV corresponds to adsorbed molecular water.124 With PVP doping, the peak at 533.3 eV is 

no longer present, which suggests that PVP serves as a barrier to protect the perovskite film 

from adventitious water. At the same time, the intensity of the peak near 532 eV 

corresponding to the C=O group has increased. Slightly shifted peaks were observed in the 

doped perovskite, which may derive from hydrogen bonding interactions between PVP and 

perovskite.120 The experimental Pb4f signal is presented in Figure 3.6e. The spin-orbit 

splitting between the Pb4f7/2 and Pb4f5/2 lines of pristine perovskite appeared at 138.1 eV 

and 143 eV, respectively. However, the Pb2+ lines of the doped perovskite shifted to higher 

binding energies. The shift of the Pb4f levels can be attributed to decreased electron cloud 

overlap between the lead and iodide atoms, which may help account for the observed slight 

increase in bandgap (vide infra).121  

To further explain the phenomenon, a schematic of the interactions between 

perovskite crystals and the PVP long chain is presented in Figure 3.6g. With increased PVP 

concentration, the PbI6 octahedra become stretched. Up to a PVP concentration of about 8 

wt%, the [Pb3I8]2- octahedra can tolerate the distortions. However, as PVP content 

continued to increase, the [Pb3I8]2- crystal lattice rearranged to form octahedral [PbI6]4-, 

resulting in the formation of a non-perovskite phase. The presence of [PbI6]4- also impacts 

the absorption edge of the samples, as discussed below.125 

Photoluminescence (PL) spectroscopy provided insightful information on the 

charge carrier extraction properties of solar cells fabricated from pure and PVP-containing 

perovskite samples. An obvious change in PL intensity was observed for PVP-perovskite 

file:///D:/Program%20Files%20(x86)/Dict/7.5.0.0/resultui/dict/
file:///D:/Program%20Files%20(x86)/Dict/7.5.0.0/resultui/dict/
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films vs. the parent (Figure 3.7a). Specifically, the higher PL intensity for the 4 wt% and 8 

wt% PVP-perovskite samples suggests that these films possess fewer defects. The 

decreased photoluminescence intensity obtained for the 12 wt% counterpart points to an 

increase in defect density as PVP content is increased above 8 wt%. Time-resolved PL 

(TRPL) spectra demonstrated that PVP content impacts photoluminescence life-time, 

where the 8 wt% sample exhibited a notably longer lifetime than any of the alternatives 

(Figure 3.7b). Combined, the PL and TRPL results suggest that at low levels (below about 

8 wt%), the incorporation of PVP into the perovskite crystal structure can facilitate 

formation of more uniform films having fewer defects. 

 

Figure 3-7. (a) Photoluminescence of PVP-Perovskite samples on the glass. (b) Time 

Resolved Photoluminescence (TRPL) data for 0 wt% (black), 4 wt% (red), 8 wt% 

(blue), and 12 wt% (magenta) PVP- Perovskite samples. 
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3.3.2 Device fabrication and characterization 

Perovskite-based solar cells were fabricated using optimized process conditions 

under ambient conditions. The device architecture was comprised of either 

glass/FTO/compact SnO2/perovskite/spiro-OMeTAD/Au, or PET/ITO/compact 

SnO2/perovskite/spiro-OMeTAD/Au. Figure 3.8a presents a sketch of the band alignment 

scheme for a photovoltaic device fabricated using the hybrid active material.  To avoid 

hysteresis, which is in part a function of the quality of the interface between the perovskite 

and electron transport layers, SnO2 nanoparticles were used as the electron transport 

layer.126-128 Since typically the SnO2 nanoparticle deposition temperature is ca. 200 C, a 

sol-gel method was developed to enable process temperatures below 185 C in order to 

fabricate an SnO2 electron transport layer suitable for plastic substrates.  
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Figure 3-8. (a) Schematic energy level diagrams of the SnO2 nanoparticles, 0 wt%, 4 

wt%, 8 wt%, 12 wt% PVP doped perovskite and spiro-MeOTAD; (b) J−V curves of 

the typical devices under AM 1.5G illumination. (c) Corresponding EQE responses 

(left axis) and integrated current densities (right axis) of the devices containing the 

perovskite films with and without PVP. (d) Normalized efficiency as a factor of 

time; (e) Photograph of perovskite solar cell stability with varying concentrations of 

PVP in ambient conditions. From left to right 0 wt%, 4 wt%, 8 wt%, and 12 wt% 

PVP-perovskite devices. 
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Figure 3.8b presents the current-voltage curves of the pristine and PVP containing 

perovskite solar cells, and the data are tabulated in Table 3.2. Furthermore, statistical data 

regarding the photovoltaic parameters are plotted in Figure 3.9. Cells fabricated from the 

0 wt%, 4 wt%, and 8 wt% PVP-perovskites exhibited little hysteresis, while significant 

hysteresis was observed for cells fabricated with 12 wt% PVP-perovskite. The pristine 

device exhibited efficiencies of 18.42 % and 18.38%, under reverse and forward scans, 

respectively; with corresponding Voc of 1.127 V and 1.124 V, Jsc of 22.8 mA/cm2 and 22.9 

mA/cm2 and FF of 71.43 % and 71.7 %. Upon incorporation of 4 wt% PVP, device 

efficiency in the forward and reverse directions decreased slightly to 16.7% and 16.41%, 

while the corresponding Voc, Jsc, and FF values were 1.152 V and 1.141 V, 21.2 mA/cm2 

and 20.9 mA/cm2, and 68.73 % and 68.07 %. The 8 wt% PVP-perovskite device exhibited 

negligible hysteresis, with an efficiency of 17.04% and 17.06%, with a Voc of 1.16 V and 

1.162 V, Jsc of 21 mA/cm2 and 21.05 MA/cm2, FF of 70.01 % and 69.69 % under reverse 

scan and forward scan, respectively. The excellent performance can be ascribed to the 

matched bandgap and defect-free crystals, which is in accord with the structural analysis 

above.  

As expected from the materials characterization results, devices fabricated from 12 

wt% PVP-perovskite films exhibited a significant decline in performance, namely a PCE 

of only 11.31 % under reverse scan and 10.18% under forward scan. Voc, Jsc and FF were 

similarly negatively affected. Presumably, the low FF of 56.84 obtained for the 12 wt% 

PVP containing cells can be attributed to the rough perovskite morphology. It is widely 

believed that the key parameter associated with perovskite device performance is the FF, 
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which may be negatively affected by carrier recombination at the interface between the 

perovskite and the electron/hole transport layers due to perovskite crystal degradation.129  

Figure 3.8c presents the IPCE data for the devices studied here. The wavelength at 

which the IPCE curves experience a rapid rise is consistent with the absorption edge data 

discussed above: for the parent perovskite, the increase appears at around 780 nm, while 

for cells fabricated with 4, 8 and 12 wt% PVP-perovskite, IPCE begins to increase at about 

770 nm, 760 nm and 750 nm, respectively. Between 450 nm and 700 nm, the absorption 

profile of devices based on pristine perovskite is higher than those of the doped perovskites, 

which may derive from perovskite grain size.130 Between 350 nm and 450 nm, the 

absorption of the 12 wt% device decreased sharply, likely due to incomplete perovskite 

grain formation compared to the other three devices.131 

Data associated with the moisture sensitivity of the perovskite devices investigated 

here are presented in Figure 3.8d-3.8e. The parent perovskite underwent a steady decrease 

in efficiency from 18 % to ~1 % within 200 hours. Notably, the devices fabricated with the 

PVP-modified perovskite film exhibited enhanced resistance to moisture present in the 

ambient conditions. Incorporation of 8 wt% PVP into the perovskite layer allowed 

fabrication of devices that retained 80% of their original efficiency for over 600 hours 

under ambient conditions with 60% relative humidity. Although the initial efficiency of the 

12 wt% PVP-perovskite devices is lower than the other analogs, the normalized efficiency 

is more stable in a humid environment, which is presumed to be directly related to 

protection of the perovskite by PVP. 
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Table 3-2. The optimized Photovoltaic performance parameters of the devices under 

standard AM 1.5G illumination (100 mW cm−2). 

Device  Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

% 

PCE  

% 

0 wt% Forward 1.124 22.9 71.43 18.38 

Reverse 1.127 22.8 71.7 18.42 

4 wt% Forward 1.141 20.9 68.73 16.41 

Reverse 1.15 21.2 68.07 16.7 

8 wt% Forward 1.16 21 70.01 17.06 

Reverse 1.162 21.05 69.69 17.05 

12 wt% Forward 0.903 19.83 56.84 10.18 

Reverse 0.914 20.50 60.34 11.31 

 

 

Figure 3-9. Statistical data 0 wt% (black), 4 wt% (red), 8 wt% (blue), and 12 wt% 

(magenta) for (a) Voc, (b) Jsc, (c) FF, and (d) PCE. 
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3.3.3 Flexibility and bendability testing 

Given the superior performance of the perovskite comprising 8 wt% PVP, that 

composition was used to explore the impact of the incorporation of PVP into the perovskite 

lattice on the flexibility of the active layer. The top-view SEM images of the parent and 

PVP-perovskite films fabricated on an ITO/PET substrate and subjected to mechanical 

bending (200 times with bending radius of 0.5 cm) are presented in Figure 3.10. The parent 

perovskite film (Figure 3.10a) exhibited evidence of fracturing at the grain boundaries upon 

bending 200 times (Figure 3.10b). In contrast, the 8 wt% PVP-perovskite films (Figure 

3.10c) displayed a uniform morphology that did not appear to be compromised (Figure 

3.10d). Conceivably, the incorporation of PVP into the crystalline film forms a polymer 

network, effectively improving the mechanical properties of the device.108 Furthermore, 

steady-state PL spectra (Figure 3.10e and 3.10f) of the corresponding perovskite films on 

PET/ITO before and after bending 200 times were also analyzed. The PL intensity of the 

8 wt% PVP-perovskite film (Figure 3.10f) prepared on PET/ITO was similar to that of 

pristine material (Figure 3.10e) prior to mechanical bending. After bending 200 times, the 

PVP-perovskite maintained its PL intensity, while that of the pristine film decreased. These 

results strongly suggest that the incorporation of PVP serves to reduce surface defects and 

importantly, for envisioned flexible PSC applications, instills the films with improved 

mechanical performance attributes. 
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Figure 3-10. (a-d) Top-view SEM images of (a,b) 0 wt% PVP and (c.d) 8wt % PVP-

perovskite grown on PET/ITO before and after 200 bending times with bending 

radius of 0.5 cm; the inset shows a photograph of the bending tests. (e)(f) Steady-

state PL spectra of the corresponding pristine and PVP containing perovskite films. 

 

To further investigate the impact of PVP on the performance of the perovskite films 

under bending induced stress, PET/ITO/SnO2/perovskite/spiro-MeOTAD/Au devices were 
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fabricated and subjected to multiple bending cycles where the curvature was 5 mm for each 

cycle, as shown in Figure 3.11. Before bending, the PCE of PET/ITO based devices 

fabricated with perovskite active layers having 0 wt% and 8 wt% PVP was ca. 17% and 

ca. 15%, respectively. After 1000 bending cycles, the device fabricated using 8 wt% PVP-

perovskite retained more than 70% of its original efficiency, whereas the pristine device 

exhibited less than 10% retention of its PCE. Complete data (before and after bending 1000 

times) associated with flexible solar cell performance is presented in Table 3.3. Note that 

the Voc slightly decreased in both cases; while short-circuit current decreased only slightly 

for the PVP containing active layer vs. the sharp decline observed when solar cell 

fabricated with pristine perovskite were bent 1000 times. Presumably, the decreased values 

of Voc and Jsc are due to the inorganic SnO2 film which is known to have poor flexibility.132 

The device results demonstrate that incorporation of PVP into the perovskite lattice can 

positively impact the mechanical properties of the hybrid active layer, allowing for the 

design and development of flexible devices.  
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Figure 3-11. (a) Photograph of the bending tests for flexible devices; (b) Mechanical 

stability of corresponding flexible devices; (c) J−V curves of 0 wt% and 8 wt% PVP-

perovskite flexible devices under AM 1.5G illumination at the initial stage. 
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Table 3-3. Photovoltaic performance parameters of flexible devices before bending 

and after bending 1000 times under standard AM 1.5G illumination (100 mW 

cm−2). 

Device Before bending Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

% 

PCE 

% 

0 wt% Reverse 1.124 22.13 67.41 16.77 

Forward 1.132 21.60 67.12 16.41 

8 wt% Reverse 1.169 19.48 67.67 15.3 

Forward 1.167 19.37 66.12 15.10 

 After bending 1000 times Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

% 

PCE 

% 

0 wt% Reverse 1.03 1.41 45.33 0.66 

Forward 1.02 1.98 48.04 0.97 

 8 wt % Reverse 1.08 18.41 58.83 11.71 

Forward 1.09 18.06 56.93 11.22 

 

3.4 Conclusion 

In summary, polyvinylpyrrolidone was introduced into a perovskite precursor 

solution, and effectively integrated into the resultant perovskite film. Incorporation of the 

polymer was shown to both protect the active material against degradation under humid 

ambient conditions and impart mechanical flexibility. Mechanistically, it is believed that 

PVP interacts with the perovskite via hydrogen bonding facilitated by the presence C=O 

bonds along the polymer chain. The results demonstrated that with an increased proportion 

of PVP, perovskite crystal size increased while XRD peaks shifted slightly, which 

confirmed the presence of interactions between the two components. PVP-perovskite based 
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solar cells comprising 8 wt% polymer additive exhibited a power conversion efficiency of 

17%. The device efficiency remained above 15% for a duration of more than 600 hours 

under ambient conditions (> 60% humidity). Moreover, incorporation of PVP into the 

active layer facilitated fabrication of flexible solar cells, with an efficiency of ca. 15%, 

whereby the efficiencies were stable over several bending cycles. The results presented 

here demonstrate that polymer additives, such as PVP, that can effectively interact with the 

inorganic perovskite crystal can lead to environmentally stable and flexible perovskite solar 

cells. Modification of the perovskite through incorporation of a polymer additive is 

expected to enable the low-cost, large-scale fabrication of perovskite based solar cells. 
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CHAPTER 4. TRANSPARENT QUASI INTERDIGITATED 

ELECTRODES FOR PEROVSKITE BACK-CONTACT SOLAR 

CELLS3 

4.1 Introduction 

While back-contact electrodes (BCEs) are incorporated into the highest efficiency 

silicon solar cells,135 they are yet to be adopted by researchers fabricating organometal 

halide perovskite analogues. The fabrication of back-contact perovskite solar cells (BC-

PSCs) will eliminate parasitic absorption by the top contact, and leave the perovskite 

surface exposed, allowing for improvements through light-trapping, the application of an 

anti-reflective coating, new post-annealing techniques, surface passivation, and 

photoluminescence out-coupling.136, 137 Furthermore, the architecture offers several 

functional advantages during fabrication, including the elimination of shorting due to 

pinholes, and avoiding damage to the perovskite layer during the deposition of subsequent 

layers.138 However, the electrode spacing in the BCEs currently used in Si solar cells is too 

large for perovskites which have shorter carrier diffusion lengths. Also, the processes used 

to fabricate commercial BCEs are not compatible with perovskite thin films,139 thus 

prohibiting the direct transfer of existing technology to this new class of photoabsorber 

material. 

                                                 
3 DeLuca, Giovanni, et al. "Transparent Quasi-Interdigitated Electrodes for Semitransparent Perovskite Back-

Contact Solar Cells." ACS Applied Energy Materials 1.9 (2018): 4473-4478. 
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The realization of operational BC-PSCs therefore necessitated the development of 

a new device architecture, namely quasi-interdigitated electrodes (QIDEs) (Figure 4.1a). 

This back-contact architecture places a finger-shaped cathode onto a continuous thin-film 

anode, with an insulating layer separating the electrodes. This avoids formation of the 

short-circuit pathways that occur in conventional co-planar interdigitated electrodes when 

a defect in one electrode finger causes contact with an adjacent electrode, a problem that 

increases in frequency as the electrode features are miniaturized to the dimensions required 

for the charge carrier diffusion lengths of perovskites.138  

Although QIDEs present a robust architecture for BC-PSCs, a key design element 

limits their potential application. The top contacts are currently comprised of opaque 

Al/NiCo fingers, which are strong absorbers/reflectors of incident light (Figure 4.1b), 

preventing their use in semitransparent PSCs or as the top electrode in tandem perovskite-

silicon solar cells. Therefore, for QIDEs to reach their full potential, the top electrode must 

be replaced with a transparent conductor. To this end, we introduce herein the first 

transparent quasi-interdigitated electrode (t-QIDEs) based on indium tin oxide (ITO), 

which has a high carrier concentration, low sheet resistance, and, most importantly, higher 

optical transmittance (>85% in visible wavelengths) than Al/NiCo.140 Furthermore, we 

demonstrate the first operational semi-transparent back-contact perovskite solar cell. 

Optoelectronic theoretical simulations136 also show the realistically achievable power 

conversion efficiencies (PCEs) and average visible transmissions (%AVT) with varying 

perovskite film thicknesses. 
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Figure 4-1. (a) The structure of a QIDEs. (b) Light transmission, absorption and 

reflection in QIDEs with Al/NiCo electrodes (left) or transparent electrodes (right). 

4.2 Experimental section 

4.2.1 Materials and reagents 

Unless otherwise specified, all materials were purchased from either Alfa Aesar or 

Sigma-Aldrich and used as received. Fluorine doped tin oxide (FTO) coated glass 

substrates (10 cm × 10 cm, 2.2 mm; 7 Ω square−1) were purchased from Solaronix. The 

ITO target was purchased from Kurt J. Lesker Company. Methylammonium (MA+) 

bromide and formamidinium (FA+) iodide were purchased from Greatcellsolar Ltd. High-

purity nitrogen (99.999%; O2 ≤ 2 ppm, H2O ≤ 0.1 ppm) was used in all operations whenever 

nitrogen is mentioned. High purity deionized water (Milli-Q; 18 MΩ cm) was used in all 

operations whenever water is mentioned. 

4.2.2 Transparent quasi-interdigitated electrode fabrication 

Patterened FTO-coated glass substrates were sequentially cleaned in an ultrasonic 

bath in a 1% Hellmanex solution, water and ethanol (each for 15 min). A 15 nm compact 

TiO2 layer was deposited by the spray pyrolysis of a 1:19 (v/v) titanium-diisopropoxide 

bis(acetylacetonate)/isopropanol solution at 500 °C. After being sintered for 30 min and 

cooling to room temperature, the substrates were removed from the hotplate. A polymer 
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mask with the desired features was then produced by spin-coating a ~2 µm thick photoresist 

layer (AZ 1512SH, Clariant), keeping the substrates at 110 °C for 2 min, and then exposing 

to UV light (30.1 mW cm−2 at 365 nm) for up to 6 sec through a chrome photo-mask. The 

UV-exposed parts of the photoresist layer were removed by washing the substrate in a 

developer solution (AZ 726MIF mixed with water in a 3:1 v/v ratio) for up to 50 sec, 

leaving the desired pattern that was protected by the photoresist mask. 

Following this, a 100 nm Al2O3 insulator layer was deposited using an 

electronbeam evaporator to protect the device from short-cicuiting. A 200 nm ITO layer 

was then deposited using an ITO target by radio frequency magnetron sputtering. The 

substrate deposition temperature was set to 100 °C. The deposition power was 300 W and 

the deposition time was 7.5 minutes. The argon gas atmosphere was produced by 

evacuating an Anatech USA sputtering system to <10−6 Torr, followed by flowing argon 

at 30 sccm. The pressure during the electrode deposition was 7 mTorr. 

Following the ITO deposition, the remainder of the polymer mask was removed by 

immersing the substrates in acetone (lift-off process) overnight, leaving the quasi-

interdigitated ITO electrodes. To produce low-resistance transparent quasi-interdigitated 

electrodes, the prepared t-QIDEs were additionally annealed at 300 °C for 3 minutes in air. 

4.2.3 Deposition of CuSCN layer 

Prior to electrochemical deposition, all glassware was extensively cleaned by 

washing with water and acetone. The electrolyte solutions were freshly prepared for every 

experiment by mixing equal volumes of aqueous solutions of 36 mM 

ethylenediaminetetraacetic acid (EDTA), 36 mM CuSO4 and 36 mM KSCN. All 
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depositions were undertaken with air-saturated solutions at room temperature without 

stirring. 

Electrodeposition of CuSCN hole-transport layers onto the ITO electrodes of the t-

QIDEs was undertaken using a Biologic VMP electrochemical workstation in a bi-

potentiostat mode under ambient conditions at 24 ± 1 °C. High-surface area titanium wire 

was used as an auxiliary electrode, which was confined to a separate compartment behind 

a low-porosity glass frit. An Ag|AgCl|3.4 M KCl reference electrode (KZT-5, Innovative 

Instruments Inc.) was positioned within 5 mm of the surface of the t-QIDEs (working 

electrode). Deposition was undertaken at −350 mV vs. Ag|AgCl|3.4 M KCl for each 

individual t-QIDEs (there are 6 t-QIDEs per substrate), while the other electrodes remained 

disconnected. The TiO2/FTO anode was maintained at a potential of 400 mV during 

deposition to avoid any possible formation of CuSCN on its surface. 

4.2.4 Device fabrication 

The multiple-cation mixed-halide perovskite layer was fabricated according to a 

previously published protocol by Saliba et al.141-143 Perovskite precursor solutions were 

prepared in a N2-filled glove box by dissolving FAI (172 mg, 1 mmol), PbI2 (507 mg, 1.1 

mmol), MABr (22.4 mg, 0.2 mmol) and PbBr2 (80.7 mg, 0.22 mmol) in 800 µL of 

anhydrous dimethylformamide (DMF) and 200 µL dimethyl sulfoxide (DMSO). To obtain 

a nominal composition of approximately Cs0.05FA0.79MA0.16PbI2.49Br0.51 in the precursor 

solution, 42 µL of a CsI solution (389 mg, 1.5 mmol, in 1 mL DSMO) was added to 1 mL 

of the lead-containing solution. The final precursor solution was deposited onto the 

substrate in a N2-filled glove box by spin-coating using a two-step procedure: Step 1) 
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speed: 1000 rpm, acceleration: 1000 rpm s−1, duration: 10 s; Step 2) speed: 6000 rpm, 

acceleration: 6000 rpm s−1, duration: 20 s. During the second step, 200 μL of anhydrous 

chlorobenzene was deposited onto the spinning substrate 5 s prior to the end of the program. 

The substrates were then annealed under dark conditions at 100 °C for 1 h in N2. 

4.2.5 Characterization 

Grazing-incidence XRD measurements were performed on a Rigaku SmartLab 

diffractometer with a rotating anode CuKα source (45kV, 200mA), equipped with a Hypix 

3000 detector. The diffractometer was configured with 0.15 mm incidence slits and a beam 

limiting mask of 5 mm. Data were collected over a 10–90° 2θ range with a step size of 

0.02° and a step rate of 1° per minute. ω was kept fixed at 0.4°, just above the critical angle 

for ITO. The incidence slit, beam limiting mask and ω setting combine to maintain a beam 

footprint of ~21 mm × ~6 mm on the sample. Analyses were performed on the collected 

XRD data using the Bruker XRD search match program EVA™4.2. Crystalline phases 

were identified using the ICDD-JCPDS powder diffraction database. 

UV-Vis-NIR measurements of thin film ITO samples were obtained using a 

PerkinElmer Lambda 1050 spectrophotometer equipped with an integrating sphere 

attachment. Measurements of the ITO finger electrodes were obtained using the same 

instrument fitted with a small spot kit to limit illumination to the electrode only. 

Photoelectron Spectroscopy in Air (PESA) measurements were undertaken using a 

Riken Kekei AC-2 spectrometer at a power intensity of 50 nW to obtain the work functions 

of the ITO films. A power intensity of 20 nW as employed to obtain the ionization potential 

of the perovskite and the CuSCN film. The data were fitted as the cube root (n = 0.33) of 

the emission yield. Resistances of the ITO thin films were measured using a Jandal 4-point 
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probe station. Scanning electron microscopy (SEM) images were obtained using a Zeiss 

Merlin 4 microscope operated at 5 kV and 120 pA. 

J-V characteristics of the devices were measured in an inert atmosphere with a 

computer controlled Keithley 2400 Source meter. A 150 W Xenon lamp (Newport) coupled 

with an AM1.5G solar spectrum filter was used as the light source. Light was illuminated 

through a quartz window of the glove box and the intensity was calibrated and monitored 

using a secondary reference photodiode (Hamamatsu S1133, with KG-5 filter, 2.8 mm × 

2.4 mm photosensitive area), which was calibrated using a certified reference cell (PV 

Measurements, certified by NREL) under 100 mW cm−2 AM1.5G illumination from an 

Oriel AAA solar simulator fitted with a 1000 W Xenon lamp. Devices were measured at 

the same position as the secondary reference cell. The active area of the solar cell was 0.08 

cm2, defined by the quasi-interdigitated device area. J-V curves were recorded by scanning 

the potential from 1.0 to −0.1 V (reverse scan) and then from −0.1 to 1.0 V (forward scan) 

at a scan rate of 0.2 V s−1. The stabilized power output was measured for 140 s at the 

maximum power point as determined by the software. 

4.2.6 Computational modelling 

The simulation results presented in this work were carried out using a fully coupled 

3D optoelectronic modelling routine described elsewhere.136 Briefly, the optical responses 

of the system were generated using a Finite-Difference Time-Domain method (FDTD, 

Lumerical) using all the optical constants of the materials as input parameters. Next, 3D 

spatial information of the charge generation rate from the perovskite layer with different 

thicknesses was computed based on this optical modelling and was then used as inputs for 
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the electrical modelling. Then, the electrical responses were carried out by solving drift-

diffusion transport equations using a Finite-Element method (DEVICE Multiphysics, 

Lumerical) and the pre-defined electrical properties of all materials involved in the 

structures (Table 4.1). Finally, the solar cell characteristics were then computed based on 

the output of this electrical modelling. 

The optical constants of perovskite,144 ITO,145 Al2O3,136 TiO2,136 and FTO146 were 

taken from literature. For determining the potential of the t-QIDEs structure, we used 

CH3NH3PbI3 as it is the most thoroughly investigated of the perovskite family and is 

representative as a benchmark standard. 

Table 4-1. Physical parameters used in simulations. 

Parameter Material 

CH3NH3PbI3 CuSCN ITO Al2O3 TiO2 FTO 

EG (eV) a 1.55 3.6 - 6.7 3.2 - 

me b 0.104 2 0.26 0.4147 0.6148 0.26 

mh b 0.104 0.5 0.26 0.4147 0.6148 0.26 

DC c 6.5 5.1 9 9.34 9 9 

 (eV) d 3.9 5.1 4.8 4.02 3.92 4.4 

e (ns) e 200  1 - 1 5 - 

h (ns) e 200 5 - 1 1 - 

NA (cm−3) f - 2×1018  2×1018 - - - 

ND (cm−3) f 2.8×1017 - - - 5×1017 2×1018 

RS ( sqr−1) g - - 16 - - 16 
a Effective electronic bandgap at 300 K that is modelled using Varshni’s coefficient.  
b Effective mass which is used to calculate the density of states (DOS) at valence and 

conduction band using the Fermi-Dirac statistics. 
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c Relative dielectric constant (relative permittivity) at zero frequency (DC). 
d Work function (vs. vacuum level). 
e Charge lifetime (for electron (e) and hole (h)) where the values are varied (with fixed 

mobility) to obtain different values of minority charge diffusion length (LD); where LD = 

[(kBT/q).µ.τ]1/2. 
f Doping density for acceptor (NA) and donor (ND). 
g Sheet resistance; we also incorporated a shunt resistance (Rsh) in the external circuit to be 

105 Ω/cm2. For Au, the sheet resistance is calculated based on equivalent resistivity 

ranging across the different pitch sizes. 
 

4.3 Results and discussion 

4.3.1 ITO characterization 

Creating a t-QIDE first required optimization of the deposition of ITO that replaced 

the opaque components in the original architecture. This was achieved by varying the 

following deposition parameters: substrate temperature, ITO target power, argon and 

oxygen flow rates, and post-deposition annealing conditions. The optimized process 

yielded ~200 nm ITO thin films with an optical transmittance of ca. 88% at 592 nm (Figure 

4.2), and sheet resistances ranging from 25 to 35 Ω square−1. Photoelectron spectroscopy 

in air (PESA) measurements confirmed the ITO had a work function (4.78 ± 0.08 eV) 

comparable to literature values (Table 4.2).149  
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Figure 4-2. Comparison of the UV-Vis-NIR transmission spectra of ITO thin films 

on glass substrates annealed at 300 °C for 0 (black), 1 (red) or 3 min (blue) with the 

solar spectrum (green). 

 

Table 4-2. PESA data for five independent ITO thin annealed for 3 min at 300 °C. 

Sample Ionization Potential (eV) Gradient Light Intensity (nW) 

1 4.75 3.16 50 

2 4.67 2.98 50 

3 4.89 4.32 50 

4 4.82 4.25 50 

5 4.78 3.9 50 

Average ± standard 

deviation 

4.78 ± 0.08 

  

 



 80 

Post-deposition annealing for 3 minutes at 300 °C was required to enhance 

transmittance in the solar spectrum region (Figure 4.2). This accompanied the 

transformation of fully amorphous ITO to a highly crystalline phase, as evidenced by X-

ray diffraction (XRD) measurements (Figure 4.3). In addition, post-deposition annealing 

resulted in a twenty-fold decrease in sheet resistance. While heating the substrate during 

ITO deposition is preferable to post-deposition annealing,150, 151 the high temperatures 

required for the former process are not compatible with the photoresist used during t-

QIDEs fabrication, therefore the sample required the post-annealing process.  

      

 

Figure 4-3. XRD patterns of an as-deposited ITO thin film on glass (black), and ITO 

thin films annealed at 300 °C for 1 (red) or 3 min (blue). 
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Once optimized, the deposition parameters were applied to the fabrication of ITO 

fingers for t-QIDEs. The initial electrode fabrication steps followed previously reported 

work,138 where a photoresist served as the negative of the electrode pattern applied to a 

TiO2/FTO stack on glass, followed by the deposition of an Al2O3 insulating layer to 

separate the anode and cathode. A continuous thin film of ITO was then deposited, and 

subsequent lift-off of the photoresist mask afforded ITO electrode fingers. Images taken 

following lift-off revealed the mask was completely removed and the ITO fingers were 

undamaged (Figure 4.4). After removing the photoresist mask, the electrodes were 

annealed, transforming the electrodes from light-brown to colorless (Figure 4.5). Finally, 

to ensure the electrodes have the necessary band energy alignment with a perovskite 

photoabsorber, a suitable hole transport material, copper (I) thiocyanate, was 

electrodeposited onto the ITO fingers prior to perovskite deposition. 

 

Figure 4-4. Visible light microscope image of ITO on Al2O3 fingers after polymer 

resist lift-off. Removal of the photoresist did not cause damage to the ITO fingers. 
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Figure 4-5. (a) Photograph of t-QIDEs before (left) and after annealing at 300 °C 

(right). (b) UV-Vis-NIR transmission spectra of the t-QIDEs at various stages of 

fabrication, and for QIDEs with a gold top electrode. 

 

UV-Vis-NIR spectroscopy measurements were performed on the electrode stack at 

each stage of the fabrication process to determine the contribution of each component to 

the incident light absorption of the t-QIDEs (Figure 4.5b, Table 4.3). The pristine FTO-

coated glass exhibited the highest transmittance, while TiO2 deposition resulted in a slight 

drop in transmittance in the blue and visible regions of the spectrum. After depositing the 

Al2O3/ITO top electrode (quasi-interdigitated area), the overall transmittance decreased by 

approximately 15% and 10% relative to the FTO glass substrate and FTO/TiO2 anode, 

respectively. This results mainly from the formation of additional interfaces (TiO2/Al2O3 

and Al2O3/ITO), which enhance the reflectance of the electrode assembly. The addition of 

the hole transport layer caused insignificant changes to the average transmittance (Figure 

4.5b).  
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Table 4-3. UV-Vis-NIR transmission data for the various layers throughout the 

device and ITO thin film on glass. 

 

 

The t-QIDE architecture is an ordinary reciprocal system that gives identical 

transmission through both sides, with insignificant differences probably arising from 

scattering (Figure 4.6). To demonstrate the transparency of the ITO fingers, identical 

measurements were performed on a device where ITO was replaced with a ca. 60 nm thick 

layer of gold. This substitution resulted in a significant decrease in transmission to ca. 50%, 

confirming that the relatively high transmittance of the t-QIDEs is due to the transparent 

nature of ITO (Figure 4.5b). 
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Figure 4-6. UV-Vis-NIR spectroscopy measurements in transmission and reflection 

modes for a CuSCN-modified t-QIDEs measured from the front (electrode) and 

rear (glass) side. 

 

4.3.2 Perovskite characterization 

While t-QIDEs could potentially be applied to a range of photoabsorber materials, 

CuSCN was applied to the ITO to provide a band energy alignment compatible with hybrid 

organic-inorganic perovskites (Figures 4.7-4.8). For this study we selected a multiple-

cation mixed-halide perovskite with the nominal composition 

Cs0.05FA0.79MA0.16PbI2.49Br0.51 as the photoabsorber, which has shown high photovoltaic 

efficiencies.143 
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Figure 4-7. PESA measurement of the CuSCN and perovskite thin films deposited 

on t-QIDEs. 

 

 

Figure 4-8. Band diagram for an n-i-p lateral PSC device with a t-QIDEs employing 

TiO2 and CuSCN as charge selective layers. Valence band edge for perovskite and 

CuSCN as well as the work function of ITO were derived from PESA measurements 

(Table 4.2 and Figure 4.7). 
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Figure 4.9a presents a cross-sectional scanning electron micrograph of a back-

contact PSC based on t-QIDEs. The back-scattered electron image of an individual finger 

reveals that a thin perovskite layer (~340 nm) uniformly covers the t-QIDE, which consists 

of a micro-structured cathode (~1.5 μm wide ITO/CuSCN fingers spaced every ~2.5 μm) 

on a continuous anode (FTO/TiO2 on glass), separated by ~100 nm of Al2O3 (Figure 4.10). 

The micro-fingers of the cathode were trough shaped rather than perfectly flat, due to the 

polymer mask fabrication process where the edges of the grooves formed by the mask are 

imperfectly defined. A back-scattered electron cross-section image provides additional 

contrast to differentiate the functional device layers (Figure 4.9c).  

 

 

Figure 4-9. (a) Cross-sectional SEM image of the back-contact PSC based on the 

Cs0.05FA0.79MA0.16PbI2.49Br0.51 photoabsorber and t-QIDE, (b) high magnification 

cross-sectional SEM image of the device (area enclosed with red rectangle in Figure 

4.9a), (c) back-scattered SEM cross-sectional image of a finger of the device (area 

enclosed with red rectangle in Figure 4.9a). 
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Figure 4-10. High magnification back-scattered electron cross sectional image of a 

back-contact PSC with t-QIDEs showing the thickness of its functional layers. 

 

4.3.3 Photovoltaic performance of transparent back-contact perovskite solar cells 

The J-V characteristics of BC-PSCs with t-QIDEs were recorded with both front 

(perovskite) and rear (glass) side illumination. Figure 4.11 shows J-V curves under 1 sun 

AM1.5G illumination and in the dark, while relevant photovoltaic parameters are 

summarized in Table 4.4. With front side illumination, values of 5.5 mA cm−2, 0.84 V and 

30% were recorded for short-circuit current density (JSC), open-circuit voltage (VOC) and 

fill factor (FF), respectively, yielding a PCE value of 1.4% for a reverse scan. For rear side 

illumination and reverse scan, a slightly higher PCE value of 1.7% was obtained, with JSC, 

VOC and fill factor being 5.6 mA cm−2, 0.88 V and 34%, respectively.  
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Figure 4-11. (a) J–V characteristics (scan rate 0.2 V s−1) of a BC-PSC based on the 

Cs0.05FA0.79MA0.16PbI2.49Br0.51 light-absorber and a t-QIDE measured under 1 sun 

illumination from the front (perovskite) side and rear (glass) side, and in the dark. 

(b) Evolution of photocurrent and power density of the same BC-PSC at maximum 

power point under 1 sun irradiation from the rear side.  
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Table 4-4. Major photovoltaic parameters of back-contact PSCs with t-QIDEs.a  

Voc (V) Jsc (mA cm−2) FF PCE (%) 

Rear illumination 

(reverse scan) 

0.88 5.60 0.34 1.66 

Rear illumination 

(forward scan) 

0.82 5.89 0.23 1.11 

Front illumination 

(reverse scan) 

0.84 5.52 0.30 1.37 

Front illumination 

(forward scan) 

0.70 5.48 0.18 0.67 

a Derived from J-V measurements (scan rate 0.2 V s−1) under 100 mW cm−2 AM1.5G 

simulated illumination from the front (perovskite) and rear (glass) sides with forward and 

reverse scan directions. 

 

As expected, excluding CuSCN from t-QIDEs resulted in lower device 

performance, demonstrating the advantages provided by having a hole-selective layer 

(Figure 4.12). The J-V curves exhibit hysteresis, which is typically assigned to ion 

migration and interfacial charge recombination.152 The maximum power point (MPP) for 

the best-performing device irradiated with 1 sun from the rear showed a stable output with 

a PCE value of ca 1.2% maintained for at least 140 s (Figure 4.11b).  
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Figure 4-12. J-V curves of the BC-PSC devices with CuSCN (red and blue) and 

without CuSCN (pink and purple) when illuminated from the glass (rear) or 

perovskite (front) side of the device. Note the Voc, Jsc and FF of the device made 

with CuSCN are lower than the values reported for the champion device as they 

were made under non-optimized conditions. However, for comparison the device 

without CuSCN was made under the same conditions and originated from the same 

ITO batch. 

 

A potential application of t-QIDEs is in semi-transparent perovskite solar cells. 

While the PCEs of the current devices are notably below the state-of-the-art for back-

contact solar cells, future increases in efficiency are anticipated through increased 

perovskite grain sizes, a decreased sheet resistance of the transparent electrodes, and 

improved deposition procedures for the hole transport layer. To determine whether our 

device architecture could realistically reach the PCE and average visible transmission 
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(%AVT) of the previously reported semi-transparent solar cells,153, 154 coupled optical and 

electrical simulations were performed using previously reported physical characteristics 

for key components (Table 4.1).136  

The simulations, performed by collaborators at AMOLF-FOM, used a realistic 

quality of perovskite material with a minority carrier diffusion length of 500 nm. Figure 

4.13a shows the simulated evolution of PCE as a function of perovskite layer thickness 

with a t-QIDE with optical and electrical properties as defined in this study. The 

simulations revealed an overall efficiency that is always higher when the cell is illuminated 

from the glass/electrode interface (rear-illumination) vs. the air/perovskite interface (front-

illumination), which supports the experimental observations. A fluctuation in the PCE 

originates from a combination of thin-film interferences and drift-diffusion carrier 

transport, and becomes more pronounced with rear-illumination due to a higher number of 

modes evolved passing through the multilayer structure.155 When the device is illuminated 

from the front or rear side, the simulated maximum efficiency is ca. 12% (at 750 nm 

perovskite thickness) or ca. 13% (at 650 nm perovskite thickness), respectively. Rear-

illumination requires a ~50 nm thinner perovskite layer to reach a similar efficiency to 

front-illumination, which also suggests more efficient charge collection. 
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Figure 4-13. Simulated performance of a BC-PSC under front and rear 

illumination. (a) PCS and AVT as a function of perovskite thickness (the perovskite 

thickness cannot be below the thickness of the back-contact electrode, viz. 250 nm). 

(b) External quantum efficiency (EQE) at the optimum thickness of the perovskite 

layer (750 and 650 nm for front- and rear-illumination, respectively). (c) Charge 

generation rate of the perovskite layer in between the two back-contact electrodes. 

The generation rate is averaged over the thickness of the perovskite and leveled to 

the total thickness of the electrodes. The apparent interference fringes are due to 

optical modes created by the multi layered structure evolved. Simulations were 

based on AM 1.5 spectrum and a 500 nm minority-carrier diffusion length for the 

perovskite. 
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Figure 4.13a also demonstrates the potential of BC-PSCs to act as semi-transparent 

devices when thin layers of perovskite absorber are employed. The average visible 

transmittance (AVT) is calculated between 400 and 800 nm for comparison with reported 

work.153, 154 For the thinnest perovskite layer needed for the PSC to be operational, viz. 250 

nm, which is the thickness of the back-contact electrode, a potential AVT of 32% was 

calculated. Corresponding PCE values were predicted as 5.9 and 7.5% for the devices 

irradiated from the front and rear, respectively (Table 4.5). These values are comparable to 

previous reports for tandem organic photovoltaics.156 At the maximum efficiencies, AVTs 

of 9.1% (front illumination, PCE = 12%) and 11% (rear illumination, PCE = 13%) were 

calculated, demonstrating potentially superior performance.153, 154 The back-contact 

architecture also permits the application of an antireflective coating, light trapping, surface 

passivation, and photoluminescence out-coupling enhancements, which are expected to 

improve both the PCE and AVT of an optimized device.136  

 

Table 4-5. Simulated PCE and AVT data for t-QIDEs-based back-contact PSCs. 

 

To identify the contribution to charge collection efficiency across the spectrum, the 

external quantum efficiency (EQE) of a BC-PSC at the optimal conditions for front- and 

rear-illumination was simulated (Figure 4.13b). In the short wavelength range (up to 430 
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nm), front-illumination is more efficient due to the absence of any parasitic absorption 

layer (ITO) in the first optical path of the incoming photons. In contrast, with rear 

illumination, the collection efficiency is higher within the higher wavelength range (430–

780 nm), resulting in an increased accumulated Jsc. This is partly due to better index-

matching between the glass|ITO|perovskite interfaces than the air|perovskite interface, 

effectively creating an anti-reflective coating that minimizes total reflectance. This leads 

to increased absorption in the perovskite, and a higher charge photogeneration rate near the 

back-contact electrode (Figure 4.13c). An order of magnitude difference for the rear and 

front illumination conditions (Figure 4.13c) explains the experimentally observed 

difference in Jsc (Figure 4.11a). 

Simulations undertaken herein suggest that further optimization of devices with t-

QIDEs should be possible by minimizing parasitic losses. For example, this can be 

achieved by increasing the spacing gap size between the back-contact (for a fixed back-

contact width), if possible with a better quality of perovskite material (e.g. with minority-

carrier diffusion length LD > 10 μm) (Figure 4.14a). Alternatively, increasing a filling 

fraction of the back-contact electrode is seen as a promising strategy for a realistic quality 

of perovskite (LD ≈ 0.5 μm). Unlike devices incorporating metal electrodes, the PCE is less 

sensitive to the width of the ITO back-contact finger (Figure 4.14b).157  
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Figure 4-14. Simulated power-conversion-efficiency (PCE) map of the t-QIDEs-

based back-contact PSCs as a function of back-contact width and gap size between 

the two back-contacts for (a) infinitely long and (b) 500 nm minority carrier 

diffusion length within the perovskite layer. The maps were constructed by 

simulating a pitch size of 0.25, 0.5, 1, 2, 3 and 5 μm, while simultaneously varying 

the contact width of 0.25, 0.5, 1 and 2 μm. The data between these input parameter 

values were calculated by linear interpolation. Note that the origin point of these 

two plots is at (0.25, 0.25). 

 

4.4 Conclusion 

In summary, the fabrication of a transparent back-contact electrode was achieved 

by replacing the opaque components of conventional QIDEs with ITO. These electrodes 

were used as substrates for the first semi-transparent back-contact perovskite solar cells 

with a modest PCE of 1.2%. Importantly, this new class of devices offers straightforward 

strategies for optimization that could significantly increase the efficiency. Simulations 

showed that if these improvements can be achieved, BC-PSCs incorporating t-QIDEs will 

offer a pathway to efficient semitransparent photovoltaic devices.  
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CHAPTER 5. DOPED-ITO FOR PEROVSKITE SOLAR CELLS 

5.1 Introduction 

Due to its high carrier concentration and wide optical band gap, ITO exhibits 

electrical (resistivity <10−4 Ω cm) and optical (transmittance >85% in visible 

wavelengths)158 properties that have made it ubiquitous in commercial optoelectronic 

applications, from liquid crystal displays to light emitting diodes159-169. Furthermore, 

because of the simplicity and cost-effectiveness170, 171 of producing ITO on a large scale 

via direct current (DC) or radio frequency (RF) magnetron sputtering, the material is being 

widely studied for application in tandem solar cells172. Significant amount of work has gone 

into exploring the effects of doping ITO173-176, and researchers have discovered many 

advantages, however this comes at a cost. Nakasa et. al. used a pyrolysis procedure to 

produce high work function, nickel-doped ITO, but an increase in sheet resistance by a 

factor of six was observed.177 Kim et. al. noticed a large decrease in resistance, however 

there was also a decrease in transmittance and no change in work function by making a 

ITO/Ni/ITO sandwich.178 Caricato et. al. observed an increase in transmittance doping ITO 

with chromium, however this was accompanied by a large increase in resistivity.179 In this 

work, either the resistance or transmittance has been negatively affected, or the procedure 

is expensive or non-reproducible. Here, we explore a simple route to dope ITO, modifying 

the work function, while not disturbing the desirable properties of ITO. We use a co-

deposition procedure, depositing ITO from a RF source and a metal dopant from a DC 

source in a sputtering tool. This procedure increased work functions up to 5.56 eV from 
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4.7-4.9 eV of undoped ITO, while maintaining resistances in the range of 9-19 Ω square−1 

and transmittance in the range of 80-82% in the visible region.  

5.2 Experimental section 

5.2.1 Doped ITO preparation 

Glass substrates were washed in detergent, water, acetone, and isopropyl alcohol 

(15 min ultrasonic bath with each solvent). The substrates were then dried with nitrogen 

gas and placed in the PVA TePla Plasma Asher for 10 minutes. Following this, the samples 

were placed in the Anatech USA sputtering system and evacuated to 1.00 X 10-6 Torr. The 

rotation plate was set to ~45%. The chamber was dosed with 100 sccm oxygen gas and 30 

sccm argon gas for 5 minutes (1.8-1.9 mTorr). After the five minutes, the RF source was 

powered on at 100 W, and the gas supply was lowered to 0 sccm oxygen and 15 sccm 

argon. The RF Tune/Load read 16%/39%, respectively. ITO was deposited at room 

temperature for 30 minutes at 4.3-4.5 mTorr.  

After the 30 minutes, the procedure was repeated. That is, the chamber was 

evacuated to 1.00 X 10-6 Torr, and then dosed with 100 sccm oxygen gas and 30 sccm 

argon gas for 5 minutes (1.8-1.9 mTorr). After the five minutes had elapsed, the RF source 

was powered on at 100 W, and the gas flow was lowered to 0 sccm oxygen and 15 sccm 

argon. The RF Tune/Load read 16%/39%, respectively. ITO was again deposited at room 

temperature for 30 minutes at 4.3-4.5 mTorr. The chamber was vented, and the samples 

were collected for initial analysis of the amorphous ITO. Following this procedure, the 

samples were either returned to the Anatech USA sputtering system for co-deposition of 
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ITO with a metal target; alternatively, they were placed in a nitrogen glovebox for 

annealing.  

The samples used for interface doping were placed in a vacuum chamber which 

was evacuated to 1.00 X 10-6 Torr. The rotation plate was set to ~45%. The chamber was 

dosed with 100 sccm oxygen gas and 30 sccm argon gas for 5 minutes (1.8-1.9 mTorr). 

After five minutes had elapsed, the RF source and DC source were powered on at 100 W 

and 30 W (7.7-7.8 mTorr) respectively. The metal at the DC source was either nickel, 

tungsten, or titanium. The ITO was co-deposited with a metal at room temperature for 

varying times, namely 30 seconds, 60 seconds, or 120 seconds. The samples were then 

placed in the nitrogen glovebox alongside the un-doped ITO substrates. All samples were 

annealed in the nitrogen atmosphere for one hour. All targets were cleaned individually 

prior to co-deposition. 

5.2.2 Characterization 

Grazing-incidence XRD measurements were performed on a Rigaku SmartLab 

diffractometer with a rotating anode CuKα source (45kV, 200mA), equipped with a Hypix 

3000 detector. The diffractometer was configured with 0.15 mm incidence slits and a beam 

limiting mask of 5 mm. Data were collected over a 10–90° 2θ range with a step size of 

0.02° and a step rate of 1° per minute. The angel ω was kept fixed at 0.4°, just above the 

critical angle for ITO. The incidence slit, beam limiting mask and ω setting combine to 

maintain a beam footprint of ~21 mm × ~6 mm on the sample. Analyses were performed 

on the collected XRD data using the Bruker XRD search match program EVA™4.2. 

Crystalline phases were identified using the ICDD-JCPDS powder diffraction database. 



 99 

UV-vis-NIR measurements of thin film ITO samples were obtained using a J.A. 

Woollam M-2000DI spectroscopic ellipsometer with a transmission stage attachment. 

Photoelectron Spectroscopy in Air (PESA) measurements were undertaken using a Riken 

Kekei AC-2 spectrometer at a power intensity of 50 nW to obtain the work functions of the 

ITO films. Resistances of the ITO thin films were measured using a Jandal 4-point probe 

station. 

5.3 Results and discussion 

5.3.1 ITO characterization 

Following the initial deposition of ITO, sample electrical characteristics were 

measured using a Jandel RM-3000 four-point probe station. The acceptable resistance 

range for amorphous, un-annealed ITO is 20 to 40 Ω square−1. Following the resistance 

check, an additional interlayer of ITO was co-deposited with a metal dopant (Ti, Ni, or W), 

or was directly annealed and for use in control un-doped ITO measurements. The process 

yielded ~200 nm ITO thin films with an optical transmittance of ca. 80-82% in the visible 

region (400-800 nm), and sheet resistances ranging from 9 to 19 Ω square−1. 

Photoelectron spectroscopy in air (PESA) measurements confirmed the un-doped 

ITO had a work function comparable to literature values (Table 5.1). Changes to the work 

function were apparent in the doped ITO, with the most favorable improvement seen in the 

Ni-doped ITO (Table 5.1). The work function of undoped ITO 4.7-4.9 eV was increased 

to 5.26 eV, 5.35 eV, and 5.56 eV by doping with titanium, tungsten and nickel respectively. 

The increase in work function is thought to be due to crystal growth and interface band 
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bending.177 Through doping with nickel, the ionization potential of ITO aligns well with 

valence band of the methylammonium lead iodide perovskite film, which is ca. 5.5 eV.180  

As evidenced by X-ray diffraction (XRD) measurements (Figure 5.1), crystalline 

phase ITO was achieved in all samples.; and the phase found in all samples was crystalline 

ITO in the space group Ia-3 (206). Lattice parameters varied only slightly between the 4 

samples (Table 5.2), ranging from 10.108 Å to 10.114 Å. 

Table 5-1. Ionization potential of the undoped and doped ITO. 

Sample Number Sample Name Ionization Potential (eV) 

1 0 0.00 

2 Un-doped ITO 4.78 

3 30 sec W-ITO 5.24 

4 60 sec W-ITO 5.35 

5 30 sec Ni-ITO 5.46 

6 60 sec Ni-ITO 5.56 

7 30 sec Ti-ITO 5.16 

8 60 sec Ti-ITO 5.26 

 

 

 

 
Figure 5-1. Diffraction pattern of undoped ITO and Ni-doped ITO 
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Table 5-2. Lattice parameter for the ITO and doped ITO phase. 

Sample a-parameter (Å) (±0.001) 

Undoped ITO 10.112 

Ni-Doped ITO 10.110 

W-Doped ITO 10.108 

Ti-Doped ITO 10.114 

  

Due to the Ni-doped ITO work function aligning with the perovskite valence band, 

it was further investigated by transmittance spectroscopy. Very little changes were 

observed in the visible region, with an overall slight increase in the visible region (400-800 

nm). However, a significant increase in transmittance was observed in the IR region. It is 

speculated that the doped sample has an altered refractive index, causing the electrode to 

also act as an anti-reflective coating. Further investigation with ellipsometry is necessary 

to confirm this hypothesis. 

 
Figure 5-2. Transmittance of glass, undoped ITO, and Ni doped ITO 
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5.4 Conclusion and future direction 

In summary, crystalline ITO electrodes were produced with ideal resistances and 

transmittances, comparable to commercially available ITO. However, the ITO doped with 

nickel had the advantage of a tuned work function, up to 5.6 eV. The transmittance of the 

electrodes were also improved in the IR region. The improvements to ITO’s properties 

brings us to our future work. Recently, a hole-transport-layer-free device (Figure 5.3)180 

was fabricated with a power conversion efficiency of 20.0%. This was achieved by p-

doping the perovskite film with 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane 

(F4TCNQ). The high efficiency was credited to the improvement to the series resistance 

(Figure 5.4)180, however and obvious band misalignment is still observed. For our future 

work, we will repeat fabricating the high efficiency devices, on high work function, doped 

ITO. 

 

 

Figure 5-3. Hole-transport-layer-free device (republished with permission).180 
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Figure 5-4. Interfacial hole transfer dynamics. Schematic illustrations of hole 

transfer at the ITO/MAPbI3 and ITO/F4TCNQ-doped MAPbI3 interface 

(republished with permission).180 

 

 

5.4.1 Future direction 

Successful fabrication of high-efficiency planar devices will then pave the way for 

inverted back-contact perovskite solar cells, which to this day has not been achieved. In 

addition, this work will also allow us to explore Ni-doped ITO as a top electrode for silicon 

solar cells due to the improvement of the transmittance in the IR region. Successful 

fabrication of this device will then allow for the integration of the perovskite solar cell to 

silicon solar cell, moving towards perovskite/silicon tandem solar cells. Further 

investigation into the doping of ITO with other metals will follow this work as well. 
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CHAPTER 6. CONCLUDING REMARKS AND FUTURE WORK 

 Methylammonium lead iodide perovskite (MAPbI3), and its analogs, holds a lot of 

promise as a technologically relevant material for solar cell applications. Solar cell 

applications that use MAPbI3, or similar perovskite materials, are reported with an 

optimistic frequency. This high-efficiency, promising material is prompting researchers to 

take a closer look at its application in a broad range of materials, from electronic textiles 

to perovskite-silicon tandem solar cells. Though researchers are already developing high-

efficiency perovskite solar cells with efficiencies comparable to crystalline silicon, there 

are limitations to this work, specifically with respect to scalability, moisture sensitivity, 

hysteresis, and cost of production. Therefore, there is still a need for developing new 

methodologies for producing perovskite solar cells that would overcome the limitations of 

current approaches. This work explores possible routes to overcome some of the 

aforementioned limitations through interfacial, architectural, and solution-based strategies. 

The final products were extensively characterized with spectroscopic, microscopic, and 

electrical characterization techniques. 

The two-step perovskite film fabrication method is thought to be a promising route 

for large scale production due to its easy-to-transfer method to a roll-to-roll process. 

Chapter 1 introduced the reader to this method. Chapters 2 and 5 of this Thesis introduced 

methods for producing perovskite films using the two-step spin coating procedure. In both 

Chapters, improvements were observed to the perovskite film. In the case of Chapter 2, a 

post-annealing technique was employed to the DMSO-PbI2 film, causing a microporous 

network throughout the layer. An improvement to the conversion to PbI2 from the 
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PbI2(DMSO)2 complex was also observed by XRD. This allowed for the complete 

conversion to MAPbI3 perovskite crystal fabricated in ambient conditions. The simple 

technique presented here could be used to prepare large area perovskite solar cells in 

ambient conditions. Solar cells fabricated using this methodology exhibited power 

conversion efficiencies over 16% with negligible photocurrent hysteresis under ambient 

conditions with about 50% humidity.  

Incorporation of polymeric materials (polyethylene glycol (PEG), phenethylamine, 

polyurethane, etc.) can lead to their application in flexible electronics. One such example, 

based on the incorporation of polyvinylpyrrolidone (PVP) into the perovskite matrix is 

described in Chapter 3. Here, the one-step spin coating technique was employed with the 

PVP polymer introduced directly into the precursor solution. First planar devices on glass 

were fabricated to determine the optimized conditions for the PVP-perovskite precursor 

solution. The 8 wt% PVP-perovskite samples were able to achieve reproducible 

efficiencies up to 17% in an atmosphere of 60% humidity. The devices maintained stable 

performance characteristics during exposure to the humid atmosphere for 600 hours. 

Following this, the 8 wt% PVP-perovskite solution was spun onto flexible substrates, 

which produced devices with efficiencies of ca. 15%. After bending 1000 times with a 

bending radius of 0.5 cm the devices were able to retain 73% of their efficiency.  

Chapter 4 explored a novel architecture with the potential for applications in 

bifacial solar cells and tandem solar cells. Here, transparent back-contact perovskite solar 

cells were fabricated, and produced a modest efficiency of 1.7%. It was shown by coupled 

optical and electrical simulations, that there is a large potential to increase the power 

conversion efficiency, while maintaining a low average visible transmission. This new 
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class of devices offers straightforward strategies for optimization that could significantly 

increase the efficiency. The simulations showed that if these improvements can be 

achieved, BC-PSCs incorporating t-QIDEs will offer a pathway to efficient 

semitransparent devices. In addition, an efficiency of over 13% is possible for this 

architecture, which makes it a perfect candidate for a top cell in perovskite/silicon tandem 

solar cells. The advantage of using the back-contact architecture for tandem devices is due 

to the exposed perovskite surface, allowing for improvements through light-trapping, the 

application of an anti-reflective coating, new post-annealing techniques, surface 

passivation, and photoluminescence out-coupling. In the immediate future, this work will 

employ the technology from Chapter 6 to fabricate the first inverted back-contact 

perovskite, which will be discussed in more detail shortly.  

Chapter 5 explored a route for tuning the work function of ITO for better band 

alignment with the perovskite layer in hole-transport-layer-free perovskite solar cells. 

Work functions going up to 5.56 eV were achieved by doping ITO with nickel, while 

maintaining resistances of 9-19 Ω square−1 and transmittance of 82% in the visible region. 

Improvements were also observed to the transmittance in the IR region. The next step is to 

make hole-transport-layer-free devices with the doped ITO and p-doped perovskite. Once 

high-efficiency devices are achieved, transparent, inverted back-contact perovskite solar 

cells will be fabricated. The advantage being the removal of an additional transport layer, 

therefor hopefully improving the overall average visible transmittance of the device. 

Following this, the devices will be coupled with silicon solar cells, with the intent of high-

efficiency tandem solar cells.  



 107 

 

6.1 Future direction 

In our current work, we revisit the two-step deposition procedure, this time 

incorporating the additives (DMF and 1M HCl) directly into the MAI/IPA precursor 

solution and varying the loading time. This work was carried out to explore a more direct 

route to the large-scale fabrication of perovskite solar cells. With the correct amount of 1 

M HCl and DMF added to the MAI/IPA solution, we were able to observe complete 

conversion to the perovskite crystal. This procedure did not require the anti-solvent 

technique or a post annealing technique. The next step is to make devices using the film 

with the optimized recipe. Once a working device is fabricated, we will move towards large 

area devices. Procedural adaptations will then be made in order to produce devices using a 

printing technique.  

6.1.1 Introduction 

Continuing off of the work from Chapter 2, a procedure that is more amenable for 

large-scale development/fabrication of perovskite solar cells was investigated. In this work, 

the post treatment annealing step was removed from the two-step deposition procedure. 

Instead, small aliquots of DMF were added to the MAI/IPA precursor solution.  In addition, 

past work has demonstrated the advantage of chloride ion being introduced into the 

perovskite one-step solution to increase perovskite grain size, improve perovskite film 

crystallinity and surface coverage.181-185 In the present study, small aliquots of 1 M HCl 

were added to the MAI/IPA and its advantages were investigated. We explore an optimized 

recipe for the perovskite layer using the two-step method with a simple additive approach. 
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Lastly, we will study how the MAI/IPA with DMF/HCl additive loading time length effect 

the device performance and stability. 

6.1.2 Experimental section 

6.1.2.1 CH3NH3PbI3 film fabrication 

 The perovskite films were fabricated using a sequential deposition process, 

reproduced from Sample 1 of Chapter 2. PbI2 (462 mg) was dissolved in anhydrous DMF 

at 70 °C, to form a 1 M PbI2/DMF. The PbI2/ DMF solution was deposited onto a FTO 

glass substrate by spin coating at 3000 rpm for 30 s, and the resultant film was then 

annealed for 10 min at 70 °C in the ambient to afford dense PbI2 (d-PbI2).  

CH3NH3I was dissolved in 2-propanol (10 mg/mL) at 80 °C to afford 18 mL of 

solution with varying amounts of DMF and 1 M HCL (Table 6.1). This solution was loaded 

onto the d-PbI2 coated substrate where it remained undisturbed for varying loading times 

(Table 6.1). The substrate was then spin coated at 4000 rpm for 30 s and annealed at 110 

°C for 10 min, forming the dark perovskite layer. The operation was carried out under 

humid ambient conditions. 

Table 6-1. Variables to the recipe for this work, including varying loading times. 
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6.1.2.2 Characterization 

 The perovskite film was identified by one-dimensional X-ray diffraction (1D XRD) 

(Model D/max 2550 V, Rigaku Co. Tokyo, Japan) by using Cu Kα (λ=1.5406 Å) radiation. 

Two-dimensional wide-angle X-ray diffraction (WAXD) analysis was conducted using a 

Bruker D8 Discover GADDS X-ray Diffractometer operating at 40 kV and 40 mA, Cu Kα 

radiation. The morphology of the resultant perovskite film was observed by using field-

emission scanning electron microscopy (FESEM, Model S-4800, Hitachi, Japan). Steady-

state photoluminescence (PL) spectra were acquired with a FLS920 transient optical 

spectrometer (Edinburgh Instruments, UK). 

6.1.3 Results and discussion 

Figure 6.1 presents the UV–vis absorption spectra of the perovskite crystal 

fabricated with varying loading times. The minimal absorbance observed for the perovskite 

film is attributed to the remaining PbI2, as demonstrated XRD (Figure 6.2). The maximum 
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absorption was observed for samples that employed a 90 second loading time. This data 

was repeatable for two separate recipes.  

 

Figure 6-1. UV-visible absorption spectra of perovskite films on FTO glass made 

with varying loading times (30s, 60s, and 90s) of the MAI/IPA precursor solution. 

  

The effect of loading time on the film was further studied using X-ray diffraction 

(Figure 6.2). Solutions containing varying amounts of additive were loaded onto the PbI2 

layer for 30s, 60s, and 90s. In each case, there was an observed decrease in the PbI2 crystal 

diffraction pattern, demonstrating the conversion to MAPbI3 perovskite crystal, as the 

loading time was increased.  

 To further explore the effects of loading time, photoluminescence (PL) studies were 

carried out (Figure 6.3). As mentioned earlier, CH3NH3PbI3 is a highly luminescent 

material, which means that the quenching of its PL intensity can be used as a measure of 

the charge extraction ability of the perovskite layer. The perovskite PL spectra show the 



 111 

characteristic peak at 770 nm (eV). However, for the samples with a 30s and 60s loading 

time, a blue-shift was observed. This change in absorbance is believed to be related to the 

presence of unreacted PbI2. Another interesting phenomenon observed here was that the 

photoluminscence is significantly improved by the addition of 10 µL of DMF. The effects 

of DMF and 1M HCL will now be explored.  

 

 

Figure 6-2. Diffraction pattern of perovskite films on FTO glass made with varying 

loading times (30s, 60s, and 90s) of the MAI/IPA precursor solution. 
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Figure 6-3. Photoluminescence study of perovskite films on FTO glass made with 

varying loading times (30s, 60s, and 90s) of the MAI/IPA precursor solution. 

 

 

Figure 6-4.  Photograph of perovskite films on FTO with varying amounts of 

additive in the MAI/IPA precursor solution. 
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For the rest of the work, we continued with the 90 second loading time of the 

MAI/IPA precursor solution. Figure 6.4 shows a photograph of the effect of varying the 

different additives for a 90 second loading time. The films produced with 10 µL of DMF 

in the precursor solution are visually the most dense and dark films, which was also 

demonstrated in PL, owing to the complete conversion of MAPbI3 perovskite film. XRD 

data (Figure 6.5) demonstrated that in each case, the conversion of PbI2 to the perovskite 

crystal increased with increasing 1M HCl, reaching optimal conversion with 50 µL 1 M 

HCl added to the MAI/IPA perovskite precursor solution.  

 

 

Figure 6-5 .  Diffraction pattern of perovskite films on FTO with varying amounts of 

additive and a 90 second load time. (a) 0 µL DMF, (a) 0 µL DMF, (a) 0 µL DMF, 

and (a) 0 µL DMF. Black 0 µL 1M HCl, Red 10 µL 1M HCl, Blue 20 µL 1M HCl, 

and Green 50 µL 1M HCl. 
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A similar result was observed in the absorption spectra, except in the case where 

no DMF was added to the precursor solution. It is speculated that this occurred because 

DMF was able create a porous network, similar to the porous network observed in Chapter 

2, for the MAI/IPA with HCl to completely infiltrate the PbI2 layer. The ideal solution as 

observed by the photographs, UV-Vis and XRD is the MAI/IPA precursor solution 

containing 10 µL of DMF and 50 µL of 1 M HCl. 

 

 

Figure 6-6. UV-Vis absorption spectra of perovskite films on FTO with varying 

amounts of additive and a 90 second load time. (a) 0 µL DMF, (a) 0 µL DMF, (a) 0 

µL DMF, and (a) 0 µL DMF. Green 0 µL 1M HCl, Blue 10 µL 1M HCl, Red 20 µL 

1M HCl, and Black 50 µL 1M HCl. 
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6.1.4 Conclusion and future direction 

This work demonstrates the possible improvements that can be made to the 

perovskite film with a simple additive approach. The optimized film condition was 

observed with a 90 second loading time of the MAI/IPA solution, using 10 µL of DMF and 

50 µL of 1 M HCl. The next step for this work is to make devices, and more specifically 

large area devices. Next, adaptations can be made to transfer this procedure to a roll-to-roll 

production procedure for large-scale, large-area perovskite solar cells.  
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144. Löper, Philipp, et al. "Complex refractive index spectra of CH3NH3PbI3 

perovskite thin films determined by spectroscopic ellipsometry and 

spectrophotometry." The journal of physical chemistry letters 6.1 (2014): 66-71. 

 

145. Holman, Zachary C., et al. "Infrared light management in high-efficiency silicon 

heterojunction and rear-passivated solar cells." Journal of Applied Physics 113.1 

(2013): 013107. 

 

146. Ball, James M., et al. "Optical properties and limiting photocurrent of thin-film 

perovskite solar cells." Energy & Environmental Science 8.2 (2015): 602-609. 

 

147. Perevalov, Timofei Viktorovich, et al. "Electronic structure of α-Al2O3: Ab initio 

simulations and comparison with experiment." JETP Letters 85.3 (2007): 165-

168. 

 

148. Enright, Brendan, and Donald Fitzmaurice. "Spectroscopic determination of 

electron and hole effective masses in a nanocrystalline semiconductor film." The 

Journal of Physical Chemistry 100.3 (1996): 1027-1035. 

 

149. Helander, M. G., et al. "Chlorinated indium tin oxide electrodes with high work 

function for organic device compatibility." Science 332.6032 (2011): 944-947. 

 

150. Yan, L. T., and R. E. I. Schropp. "Changes in the structural and electrical 

properties of vacuum post-annealed tungsten-and titanium-doped indium oxide 

films deposited by radio frequency magnetron sputtering." Thin Solid Films 520.6 

(2012): 2096-2101. 

 

151. Gupta, R. K., et al. "High mobility W-doped In2O3 thin films: Effect of growth 

temperature and oxygen pressure on structural, electrical and optical properties." 

Applied Surface Science 254.6 (2008): 1661-1665. 

 

152. Calado, Philip, et al. "Evidence for ion migration in hybrid perovskite solar cells 

with minimal hysteresis." Nature communications 7 (2016): 13831. 

 

153. Roldan-Carmona, Cristina, et al. "High efficiency single-junction 

semitransparent perovskite solar cells." Energy & Environmental Science 7.9 

(2014): 2968-2973. 

 

154. Della Gaspera, Enrico, et al. "Ultra-thin high efficiency semitransparent 

perovskite solar cells." Nano Energy 13 (2015): 249-257. 

 

155. Brongersma, Mark L., Yi Cui, and Shanhui Fan. "Light management for 

photovoltaics using high-index nanostructures." Nature materials 13.5 (2014): 

451. 

 



 129 

156. Chen, Chun-Chao, et al. "High-performance semi-transparent polymer solar 

cells possessing tandem structures." Energy & Environmental Science 6.9 (2013): 

2714-2720. 

 

157. Knight, Mark W., et al. "Soft imprinted Ag nanowire hybrid electrodes on 

silicon heterojunction solar cells." Nano Energy 30 (2016): 398-406. 

 

158. Hartnagel, Hans, et al. “Semiconducting transparent thin films.” Bristol: Institute 

of Physics, 1995. 

 

159. Choi, K. H., et al. "ITO/Ag/ITO multilayer films for the application of a very 

low resistance transparent electrode." Thin solid films 341.1-2 (1999): 152-155. 

 

160. Kido, Junji, Masato Kimura, and Katsutoshi Nagai. "Multilayer white light-

emitting organic electroluminescent device." Science 267.5202 (1995): 1332-

1334. 

 

161. Shen, Zilan, et al. "Three-color, tunable, organic light-emitting devices." Science 

276.5321 (1997): 2009-2011. 

 

162. Friend, R. H., et al. "Electroluminescence in conjugated polymers." Nature 

397.6715 (1999): 121. 

 

163. Baldo, M. A., M. E. Thompson, and S. R. Forrest. "High-efficiency fluorescent 

organic light-emitting devices using a phosphorescent sensitizer." Nature 

403.6771 (2000): 750. 

 

164. Müller, C. David, et al. "Multi-colour organic light-emitting displays by solution 

processing." Nature 421.6925 (2003): 829. 

 

165. Sun, Yiru, et al. "Management of singlet and triplet excitons for efficient white 

organic light-emitting devices." Nature 440.7086 (2006): 908. 

 

166. Reineke, Sebastian, et al. "White organic light-emitting diodes with fluorescent 

tube efficiency." Nature 459.7244 (2009): 234. 

 

167. Sun, Yiru, and Stephen R. Forrest. "Enhanced light out-coupling of organic 

light-emitting devices using embedded low-index grids." Nature photonics 2.8 

(2008): 483. 

 

168. Sekitani, Tsuyoshi, et al. "Stretchable active-matrix organic light-emitting diode 

display using printable elastic conductors." Nature materials 8.6 (2009): 494. 

 

169. Koo, Won Hoe, et al. "Light extraction from organic light-emitting diodes 

enhanced by spontaneously formed buckles." Nature Photonics 4.4 (2010): 222. 

 



 130 

170. Liu, Wei-Sheng, et al. "Indium tin oxide with titanium doping for transparent 

conductive film application on CIGS solar cells." Applied Surface Science 354 

(2015): 31-35. 

 

171. Exarhos, Gregory J., and Xiao-Dong Zhou. "Discovery-based design of 

transparent conducting oxide films." Thin solid films 515.18 (2007): 7025-7052. 

 

172. Irwin, Michael D., et al. "p-Type semiconducting nickel oxide as an efficiency-

enhancing anode interfacial layer in polymer bulk-heterojunction solar cells." 

Proceedings of the National Academy of Sciences 105.8 (2008): 2783-2787. 

 

173. Minami, Tadatsugu, et al. "Transparent conducting zinc-co-doped ITO films 

prepared by magnetron sputtering." Thin Solid Films 373.1-2 (2000): 189-194. 

 

174. Ali, H. M. "Characterization of a new transparent‐conducting material of ZnO 

doped ITO thin films." physica status solidi (a) 202.14 (2005): 2742-2752. 

 

175. Mishra, Satyendra K., Samta Rani, and Banshi D. Gupta. "Surface plasmon 

resonance based fiber optic hydrogen sulphide gas sensor utilizing nickel oxide 

doped ITO thin film." Sensors and Actuators B: Chemical 195 (2014): 215-222. 

 

176. Kang, Y. M., et al. "Properties of Ce-doped ITO films deposited on polymer 

substrate by DC magnetron sputtering." Thin Solid Films 518.11 (2010): 3081-

3084. 

 

177. Nakasa, Akihiko, et al. "Fabrication of nickel oxide and Ni-doped indium tin 

oxide thin films using pyrosol process." Thin Solid Films 498.1-2 (2006): 240-

243. 

 

178. Kim, J. C., et al. "Investigation of conductive and transparent ITO/Ni/ITO 

multilayer films deposited by a magnetron sputter process." Nuclear Instruments 

and Methods in Physics Research Section B: Beam Interactions with Materials 

and Atoms 268.2 (2010): 131-134. 

 

179. Caricato, A. P., et al. "Electrical and optical properties of ITO and ITO/Cr-doped 

ITO films." Applied Physics A 101.4 (2010): 753-758. 

 

180. Wu, Wu-Qiang, et al. "Molecular doping enabled scalable blading of efficient 

hole-transport-layer-free perovskite solar cells." Nature communications 9.1 

(2018): 1625. 

 

181. Fan, Lin, et al. "Elucidating the role of chlorine in perovskite solar cells." 

Journal of Materials Chemistry A 5.16 (2017): 7423-7432. 

 

182. Chen, Qi, et al. "The optoelectronic role of chlorine in CH 3 NH 3 PbI 3 (Cl)-

based perovskite solar cells." Nature communications 6 (2015): 7269. 



 131 

 

183. Yu, Hui, et al. "The Role of Chlorine in the Formation Process of 

“CH3NH3PbI3‐xClx” Perovskite." Advanced Functional Materials 24.45 (2014): 

7102-7108. 

 

184. Oku, Takeo, Kohei Suzuki, and Atsushi Suzuki. "Effects of chlorine addition to 

perovskite-type CH3NH3PbI3 photovoltaic devices." Journal of the Ceramic 

Society of Japan 124.3 (2016): 234-238. 

 

185. Quarti, Claudio, et al. "Chlorine incorporation in the CH3NH3PbI3 perovskite: 

small concentration, big effect." Inorganic chemistry 56.1 (2016): 74-83.  

 

 


