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SUMMARY  

Hybrid organic-inorganic perovskites (HOIPs) are a class of materials characterized by the 

structure ABX3, where A represents an organic or inorganic cation, B is a metal cation, and 

X is a halide anion. Known for their remarkable optoelectronic properties, such as a tunable 

bandgap, high absorption coefficient, and defect tolerance, HOIPs have emerged as 

promising materials for photovoltaic applications. Perovskite solar cells (PSCs) have 

achieved impressive efficiencies, reaching a record of 25.6%, primarily , using spin coating 

to deposit most of the layers. However, spin coating has limitations, including low 

throughput, the use of toxic solvents, low quality films, and the presence of defects. 

Thermal evaporation presents a potential solution to these challenges, but we lack 

comprehensive understanding of the growth mechanisms in evaporated HOIP films, 

leading to lower efficiencies compared to solution processes.  

This dissertation aims to provide new understanding of HOIP film growth via 

thermal evaporation, focusing on controlling morphology, phase purity, stoichiometry, 

structural defects, and crystallographic orientation. These parameters are critical for 

optimal optoelectronic properties in PSCs, including the desired bandgap, enhanced charge 

carrier mobility, and reduced charge carrier recombination. This dissertation is divided into 

two main research thrusts, each addressing key issues associated with the thermal 

evaporation of HOIPs. The first thrust explores strategies to control the phase purity of 

methylammonium lead triiodide (MAPbI3) deposited by thermal co-evaporation of lead 

iodide (PbI2) and methylammonium iodide (MAI). This study reveals the crucial role of 

the MAI evaporation rate in film stoichiometry and formation of secondary phases. 



 xxi 

Secondary phases are identified as a major obstacle in achieving high-performance devices 

through vapor deposition due to the impact on charge transport and recombination. The 

second thrust investigates the co-evaporation of formamidinium lead triiodide (FAPbI3) by 

replacing MAI for formamidinium iodide (FAI). In contrast to MAI, FAI exhibits a high 

sticking coefficient, enabling better control over the process. This thrust provides a novel 

way to grow pure cubic (Ŭ-phase) films without the need for substrate heating or additional 

post-treatments by delving into the intermolecular forces of the HOIP layer and the 

substrate. The substrate is functionalized with phosphonic acids to induce the growth of 

the Ŭ-phase as result of a change in the energetics of the system and increased sorption of 

the organic cation into the thin film. Overall, this dissertation sheds light on the growth 

mechanism of HOIPs via evaporation to control the morphology, phase purity and 

stoichiometry of thin films that can be used for the fabrication of PSCs. 
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CHAPTER 1 INTRODUCTION  

Climate change is a critical issue in the modern world due to its profound influence 

on global weather patterns, sea levels, and ecosystems, posing a significant threat to both 

human societies and the natural environment3ï5. Urgent action is necessary to mitigate its 

impacts. For instance, the development of photovoltaic technologies holds importance as a 

promising solution to accelerate the transition to clean and renewable energy sources. Solar 

energy does not only have great potential to mitigate climate change, but it also offers a 

transformative solution for communities currently lacking power grid access6. By 

harnessing the sun's energy through photovoltaic panels, these communities can generate 

their own electricity locally, enabling essential services, even in remote or underserved 

areas. This topic is particularly relevant in countries where large territories are 

disconnected, and complex geography exacerbates the problem by increasing the cost of 

expanding the power grid7,8.  

HOIPs constitute a family of materials with the ABX3 structure, where A represents 

an organic or inorganic cation, B is a divalent metal cation, and X is a halide anion. These 

HOIP materials exhibit exceptional optoelectronic properties, including a tunable bandgap, 

high absorption coefficient, defect tolerance, and high carrier mobility. When these 

remarkable optoelectronic properties are coupled with the low cost of materials and 

production associated with HOIPs, they emerge as a compelling choice to further expedite 

the transition to more environmentally sustainable energy sources. 

Since their inception in 2009, PSCs have seen an improvement in power conversion 

efficiency (PCE) from 3.8% 9 to over 25% on a lab-scale 10, surpassing the performance of 
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polycrystalline silicon solar cells. However, the most efficient PSCs today are fabricated 

via solution processing using spin-coating 11ï14. While spin-coating provides advantages 

during lab-scale fabrication for its low infrastructure cost, its scalability is a reason for 

concern as this technique lacks control over film uniformity, stoichiometry, and 

morphology 15, as well as for the use of toxic organic solvents/antisolvents 16.  

To make PSC commercialization feasible, the use of solvent-free perovskite 

deposition is a great choice to overcome these drawbacks. Specifically, perovskite 

deposition by thermal evaporation provides a scalable method to enable more precise 

control over the environment and growth rate of perovskite films, and to produce high-

quality, pinhole-free layers with great thickness control. Thermal evaporation is used in 

industry to deposit thin films on surface areas up to 3 m2. Moreover, this technology is 

compatible with the existent processes in the photovoltaic and semiconductor industry. 

Copper indium gallium selenide (CIGS) and cadmium telluride (CdTe) solar cells rely 

heavily on vapor deposition2. For instance, enabling the deposition of perovskites by 

thermal evaporation can facilitate the transition from the old generation of photovoltaic.  

Despite the great potential in thermal evaporation techniques for the fabrication of 

PSC, the PCE of PSC comprised of vapor deposited active layers remains below 21% in 

most of the recent studies17ï21. Moreover, it has only reached a maximum of (uncertified) 

24.4%, when the perovskite layer is deposited in a two-step approach and the crystallinity 

is improved with a thermal post-annealing22. Although this signifies a great improvement 

in the PCE of vapor deposited PSCs, they lag behind their solution-processed counterparts 

that have reached 25.7%23ï25. Such difference in the PCE is attributed to the lack of 

understanding of perovskite film formation via vapor evaporation, which limits the control 
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of the optoelectronic properties of the deposited layer. To further complicate the process, 

the deposition rates of organic precursors of HOIPs are difficult to control with quartz 

crystal microbalances (QCMs)26, which are commonly used to control most evaporation 

processes, due the low sticking coefficients on the gold plated quartz crystal and the 

dependance of the sticking coefficient on factor such as impurities in the precursor 

materials. 

 

Figure 1-1. Schematics of the aim of the dissertation 

The goal of this dissertation is to provide new understanding of the growth 

mechanisms of HOIPs films via evaporation to control the morphology, phase purity, 

stoichiometry, structural defects, and crystallographic orientation. Controlling these 
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characteristics is vital to obtain beneficial optoelectronic properties for PSCs such as 

optimal bandgap, higher charge carrier mobility, and lower charge carrier 

recombination.  By providing new understanding of the growth mechanisms of HOIP 

films, this dissertation aims to pave the way for commercial application of perovskite 

photovoltaics. Figure 1-1 shows a graphical representation of the aim of the dissertation.  

This dissertation is structured into six chapters. Chapter 1 serves as an introduction, 

outlining the researchôs significance, broad impact, and an overview of the contents of the 

dissertation. Chapter 2 delves into the theoretical background, discussing HOIP materials, 

their applications in photovoltaics, various deposition techniques, and the state-of-art in 

evaporation of HOIPs. Chapter 3 is dedicated to detailing the experimental methods used 

for the deposition of the materials and their characterization.  

In Chapter 4, the focus is on elucidating the control of the phase purity of the 

MAPbI3 through thermal co-evaporation of PbI2 and MAI. It establishes the links between 

secondary phase formation and the performance of PSCs, highlighting one of the main 

roadblocks to obtaining high-performing devices via vapor deposition. Using grazing 

incident wide-angle X-ray scattering (GIWAXS) and X-ray diffraction (XRD), the 

formation of a secondary orthorhombic phase (with a Pnma space group) was identified at 

MAI source temperatures below 155 °C, but higher temperatures bring the film toward a 

phase-pure tetragonal structure. The presence of the orthorhombic phase was demonstrated 

to be highly detrimental for the transport of charges in the solar cell, significantly reducing 

the short circuit current density (JSC), which in turn, reduces the power conversion 

efficiency of the devices. Appendix A contains additional figures, tables and extra details 

related to this chapter. 
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 Chapter 5 investigates the deposition of FAPbI3 through thermal evaporation, 

providing insights into better control of the deposition conditions by substituting MAI with 

FAI. Unlike MAI, FAI demonstrates a high sticking coefficient, facilitating the 

measurement of the deposition rate with QCMs. This chapter provides a novel way to grow 

pure cubic perovskite films without the need for substrate heating or additional post-

treatments by utilizing phosphonic acids to functionalize the substrate. Density functional 

theory (DFT) shows that phosphonic acids are critical for the formation of the cubic phase. 

However, experimentally only some of the phosphonic acids form this structure, with most 

phosphonic acids leading to the formation of partial hexagonal phases. This chapter shows 

that the R-ligand of the phosphonic acid molecules plays a crucial role in facilitating the 

migration of the phosphonic acid molecules, which is needed for a continuous increase in 

the sorption rate of the organic precursor throughout the evaporation process. Appendix B 

contains additional figures, tables and extra details related to this chapter. Likewise, 

Appendix C presents additional experiments to unveil the importance of the R-ligand on 

stabilizing the Ŭ-phase beyond the migration of the molecules. This section shows that the 

R-ligand not only significantly influences the diffusivity, but it is also important in 

determining the energetics of the system and therefore, in determining the crystalline 

phase. 

Finally, Chapter 6 serves as the conclusion of this dissertation, offering an outlook 

on the thermal evaporation of HOIPs. It leverages the knowledge acquired on secondary 

phase formation from the dissertation and its potential influence on future research in this 

field.  
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CHAPTER 2 BACKGROUND  

This chapter delves into the theoretical foundation of the dissertation, providing an 

overview of HOIP materials, their applications in photovoltaics, and various deposition 

techniques. Additionally, it elucidates the current state of the art in the evaporation of 

HOIPs, serving as the foundational knowledge for the research presented in this 

dissertation. 

2.1  Hybrid organic inorganic perovskites 

In recent years, HOIPs have garnered substantial attention due to their optical and 

electrical properties, which have found applications in diverse fields including 

photovoltaics, light-emitting diodes, and solar-to-fuel energy conversion devices27. What 

sets HOIPs apart is not only their optical and electrical characteristics, but also that they 

are compatible with low-temperature processing (typically below 200°C) and their 

utilization of abundant elements on Earth. HOIPs are a family of materials with a structure 

ABX3 where the A-site can consist of a metal or organic cation, often methylammonium 

(MA+), formamidinium (FA+), cesium (Cs+), or a combination thereof. Meanwhile, the B-

site cation takes the form of a divalent metal cation, such as lead (Pb2+) or tin (Sn2+), or a 

mixture thereof. X represents a halide anion, typically iodide (I-), bromide (Br-), or chloride 

(Cl-), or a combination thereof28. 

The perovskite crystalline structure is built upon a cubic array of corner-sharing 

BX6 octahedra, where the A-site cation, situated within the cuboctahedral cavities, plays a 

crucial role in stabilizing the structure29. In this structure, the molecular ionic size of the 
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A-site cation respect to the BX6 octahedra plays an important role in determining the 

crystalline structure. Lower size A-site cations can induce the formation of lower symmetry 

structures such a tetragonal or orthorhombic as result of tilting of the octahedra. Likewise, 

larger size A-site cation can destabilize the cubic structure, forming non-perovskite phases, 

or in some cases, Ruddlesden-Popper structures, also known as 2D perovskites.  

These distortions of the perovskite crystalline structure can be predicted by the 

goldschmidt tolerance factor (t), which uses the ionic radius of the elements and molecules 

involved (A, B and X). Compositions with 0.8 Ò t Ò 1 are expected to form a perovskite 

structure at room temperature. On the other hand, if t > 1 or t < 0.8, the A-site is too large 

or too small, respectively, preventing the formation of the corner sharing octahedra 

structure and making non-perovskite phases more stable. Figure 2-1 shows examples of A-

site cations and their respective tolerance factor. 

 

Figure 2-1. Perovskite structure and tolerance factor. A) Schematic of a perovskite structure 
showing the corner sharing BX6 octahedra. B) Definition of Goldschmidt tolerance factor 

and calculation of tolerance factors in APbI3 perovskites with a wide range of sizes of the A-
site cation1. 

2.2  Perovskite solar cells 
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The application of perovskite materials in solar cells began to gain attention in the 

early 2010s when researchers identified that certain HOIPs demonstrated exceptional light-

harvesting properties30,31. These HOIPs were used to replace the dye in dye-sensitized solar 

cells (DSSC) proving that they could efficiently convert sunlight into electricity due to 

their excellent semiconducting capabilities, high light absorption and long carrier diffusion 

lengths. Moreover, HOIPs could be solution-processed, allowing for relatively inexpensive 

and scalable fabrication techniques, unlike traditional silicon-based solar cells32. 

The development of perovskite solar cells has rapidly progressed since their 

inception, primarily due to their remarkable efficiency improvements and the continuous 

exploration of various perovskite compositions and engineering methods to enhance 

stability, reproducibility, and performance33. While their commercialization faces 

challenges related to stability, scaling up production, and long-term performance, 

perovskite solar cells have garnered significant attention and investment within the 

renewable energy sector due to their potential to offer highly efficient, low-cost, and 

versatile solar energy solutions.  

Perovskite solar cells can be fabricated in n-i-p or p-i-n configurations depending 

on the choice of charge transporting materials as shown in Figure 2-2. Both configurations 

have a perovskite thin film in between an electron transporting layer (ETL) and a hole 

transporting layer (HTL). The perovskite layer absorbs radiation in the form of light, 

exciting an electron from the valence band into the conduction band to form a hole-electron 

pair. This electron-hole pair separates, and the charges move to their respective charge 

transporting materials. The ETL blocks the hole from moving in the opposite direction, 

while the HTL blocks the electrons, preventing the recombination of the charges. 
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Figure 2-2. Schematics of perovskite solar cells. A) Cross-section of a n-i-p PSC. B) Band 
diagram of n-i-p PSC. C) Cross-section of a p-i-n PSC. D) Band diagram of p-i-n PSC. 

2.3  Solution-based methods for depositing perovskites 

The deposition of perovskites often occurs via solution-processing methods, 

primarily accomplished through techniques like spin-coating. This approach involves 

applying a solution comprising the precursor materials onto a substrate. As the substrate 

spins, the solution uniformly spreads, leading to the formation of a consistent perovskite 

film. Spin-coating stands out for its versatility and cost-effectiveness, making it a popular 

choice for research aimed at refining deposition parameters. Through extensive 

experimentation and optimization, spin coating has proven capable of producing high-

quality perovskite layers devoid of pinholes, displaying enhanced morphology and 

crystallization. This method's adaptability and affordability have significantly contributed 

to its use in achieving superior quality perovskite layers in laboratory settings2,34,35. In fact, 

most state-of-the-art PSCs are prepared via spin coating. However, spin-coating presents 



 10 

challenges when applied to large-areas, primarily due to the limitations in achieving 

uniformity and consistency from the center to the edge of the substrates2,35. These 

irregularities cause large efficiency losses when the device active area is increased, making 

spin-coating less viable for industry applications36. 

 

Figure 2-3. Scalable solution-based deposition methods for PSCs. A) Blade coating, B) Slot-
die coating, C) spray coating, D) Inject printing, E) Screen printing2. 

Scalable solution deposition methods for perovskite growth have been extensively 

studied. Various techniques, including blade coating, slot-die coating, meniscus coating, 

spray coating, inkjet printing, and screen printing, have been employed for depositing the 

perovskite layer in PSCs. Like spin-coating, these methods are notable for their cost-

effectiveness and are well-suited for integration with roll-to-roll technologies, enabling 

potential large-scale production. Figure 2-3 illustrates the most relevant deposition 

techniques utilized in this context. 
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2.3.1 Blade coating 

The blade-coating deposition method involves using a blade to evenly spread the 

precursor solution onto substrates, creating thin, wet films (Figure 2-3A). Factors such as 

the precursor ink concentration, the distance between the blade and the substrate, and the 

speed at which the blade traverses the substrate typically control the resulting film's 

thickness. This method is adaptable for roll-to-roll setups, where the blade remains fixed, 

and flexible substrates move along a roller. Compared to spin coating, blade coating 

significantly reduces ink wastage, particularly in continuous roll-to-roll deposition 

processes2.  

Research in the use blade coating for perovskites has focused on improving film 

quality and device efficiency through various parameters. Studies by Mallajosyula et al. 

explored the impact of substrate temperature, solvent volume, and blade speed, achieving 

a lab cell with an average 7.32% PCE37. Razza et al. introduced an air flow-assisted blade 

coating process for PbI2 layers, leading to a two-step doctor-blading process and achieving 

PCEs of 10.4% and 4.3% for different module sizes38. Solvent engineering and additive 

strategies have also been crucial in achieving wider precursor-processing windows, rapid 

grain growth, phase-purer films, and improved stability in blade-coated perovskite 

layers39,40. Understanding different regimes in blade coating, such as evaporation and 

LandauïLevich regimes, Deng et al. demonstrated the thickness variation of perovskite 

films and the importance of blading speed for practical applications39. Notably, PCE of 

PSCs manufactured using the blade-coating technique have continuously increased, 

achieving PCEs surpassing 20%41ï43.  
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2.3.2 Slot-die coating 

Slot-die coating, similar to blade coating, involves an ink reservoir with a thin slit 

to apply ink onto a substrate (Figure 2-3b). Although offering better ink flow control, slot-

die coating often requires more ink to fill the reservoir and supply pipe, making it less 

suitable for developing new ink chemistries. Consequently, it's been less explored, 

resulting in lower PCEs compared to blade coating. However, slot-die coating exhibits 

improved yield and reproducibility for fully developed inks, showing promise for future 

roll-to-roll applications2. Various studies have focused on the complexities affecting the 

quality of slot-die-coated films, including factors such as coating speed, flow rate, gap, and 

viscosity, paving the way for further research in slot-die coating. Researchers have used 

slot-die coating techniques for fabricating pinhole-free PbI2 layers and perovskite layers, 

integrating this approach into roll-to-roll processes and optimizing the method for triple 

mesoscopic structures, achieving notable PCEs. Novel methods have been introduced to 

achieve uniform films up to 51 cm²44. Despite its potential for scalability, challenges in 

controlling film quality in slot-die-coated perovskite solar modules necessitate further 

systematic research in fluid dynamics and slot-die design. Recent developments allow for 

a record efficiency of 22.3%, by using inks based on 2-methoxy ethanol and optimizing 

the viscosity of the solution by adding acetonitrile as co-solvent45.  

2.3.3 Spray coating 

Spray coating is a method that involves spraying tiny liquid droplets of the 

precursor onto a preheated substrate through a nozzle, suitable for depositing compact thin 

films (Figure 2-3c). This technique is conducive to scalability and is widely used, 
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particularly pneumatic spraying, which employs fast gas flow to generate droplets. 

Researchers have applied spray coating for perovskite films on larger substrates, achieving 

a notably PCE of 15.5% in a 40 cm² lab module by controlling the redissolution and crystal 

grain growth46. To ensure high-quality perovskite films, strict control of droplet size, 

uniformity, distance from the substrate, and substrate temperature is essential. Ultrasonic 

spray coating, developed for smaller and more uniform droplets, has shown promise to 

produce high-quality large-area perovskite layers35,46. Substrate temperature is also crucial, 

impacting solvent evaporation rate and material redissolution, prompting studies on the 

relationship between substrate temperature, evaporation rate, and solvent behaviour in 

spray coating47. Huang et al. optimized substrate temperature for PbI2 film fabrication, 

considering its impact on the material's remaining components and subsequent conversion 

process48. PCE of PSCs involving the deposition of the perovskite layer by spray coating 

have reached 19.4%49. 

2.3.4 Inkjet printing 

In inkjet printing, small amounts of ink are deposited directly onto substrates 

through a nozzle (Figure 2-3D), enabling precise patterning without a mask and efficient 

material use by controlling droplet size and trajectory. This method involves two main 

techniques: continuous inkjet printing (CIP, based on surface tension) and drop-on-demand 

inkjet printing (DOD, using pressure pulses), with DOD favoured for its enhanced material 

efficiency50.  

The technique was first employed in 2014 for fabricating perovskite films, 

achieving an 11.6% PCE in a 0.15 cm² area, validating its viability for PSC fabrication51. 
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Further studies explored the impacts of substrate temperature and additives on perovskite 

film quality and device performance. This research emphasized the significance of 

wettability, ultimately resulting in better uniformity and larger perovskite grain sizes in 

inkjet-printed films, resulting in elevated PCEs2,35,50. Notably, the implementation of a 

novel solvent system achieved stable PCEs as high as 19.3%, indicating the capability of 

inkjet printing for high-performance PSC fabrication52. 

2.3.5 Screen printing 

Screen printing involves using a patterned mesh screen to hold and transfer ink onto 

a substrate. This technique offers precise patterning with a lateral resolution of around 75-

100 ɛm. A photosensitive polymer emulsion is applied to the mesh screen, blocking 

unwanted areas while open holes hold the ink, which is spread across the screen by a 

squeegee. The ink is then deposited onto the substrate, forming the desired pattern2. This 

technique is typically used for depositing thicker films, roughly ranging from 1 to 10 ɛm, 

for instance, it is more comply used for the deposition of charge transport layers such as 

mesoporous scaffolds and carbon back electrodes in PSCs. 

2.4  Thermal evaporation of perovskites 

Vapor-phase deposition techniques are prevalent in solar cell production. Methods 

such as physical vapor deposition (PVD) for CIGS and CdTe and chemical vapor 

deposition (CVD) for silicon doping are established2. Both PVD and CVD have been 

employed for depositing HOIP. When deposited by PVD, the perovskite material (in single 

source thermal evaporation) or their precursors (in thermal co-evaporation) are directly 

sublimated to form a thin film on the substrate. On the other hand, in CVD, a lead halide 
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layer is converted into perovskite by the chemical reaction using organic halide vapors. 

However, the application of these methods is constrained due to the need for sophisticated 

vacuum equipment and longer processing times compared to solution-based techniques, 

which has hindered their progress in research and practical application2,35,50. 

2.4.1 Thermal evaporation of MAPbI3 

For the deposition of the widely studied MAPbI3
53ï56, MAI is evaporated alongside 

PbI2 to form a crystalline film with homogeneous morphology. Experimentally, MAI 

exhibits a low sticking coefficient to most of the surfaces, which complicates the 

measurement of the deposition rate of this organic salt with traditional QCMs26, and likely 

results in the formation of unreacted PbI2 in the film57. Studies on the evaporation of MAI 

have linked the sticking coefficient of MAI to the gold surface of the QCM to the presence 

of impurities in the material58. The presence of impurities such as MAH2PO3 and 

MAH2PO2 favors the formation of a MAI film on the QCM, but highly pure MAI cannot 

attach, which impedes the control of the deposition rate. These impurities are residues of 

the synthesis, and their concentration vary from one batch to another, making the QCM 

unreliable to control the deposition rate of MAI. Moreover, it was found that the 

concentration of these impurities also varies during the evaporation, which complicates 

even further the control of the process58. Likewise, Kim et al59 showed that the absorption 

rate of MAI also depends on the PbI2 deposition rate. The sticking coefficient of MAI 

increases when this molecule interacts with PbI2, augmenting the real deposition rate of 

MAI on the substrate even if the apparent deposition rate at the QCM is constant. 
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 Some strategies to control the evaporation of MAPbI3 are based on the control of 

the source temperature or chamber pressure to avoid the use of a QCM. Due to the volatility 

of MAI, the pressure of the chamber increases considerably when increasing the 

temperature of the source and remains constant when the temperature is set. This way, 

researchers assure reproducible conditions for the process and study how different 

parameters influence the growth of MAPbI3
60,61. The temperature of the substrate plays a 

significant role. The sticking coefficient of MAI increases at lower substrate temperatures, 

allowing for a higher deposition rate of MAI, and the formation of a film with less amount 

of unreacted PbI2
62,63. Nonetheless, solar cells fabricated with lower substrate temperature 

unexpectedly show even lower PCE than solar cells fabricated at room temperature26,64. 

Optimization of the MAPbI3 evaporation process, it has been possible to achieve solar cells 

with a PCE of over 20% using stoichiometric films23,25. However, there is no clear 

consensus in the reported PCE in the literature for devices fabricated with similar 

conditions65, which suggests there are more factors that determine the growth of MAPbI3 

by thermal co-evaporation. 

2.4.2 Hybrid deposition of perovskites 

Other strategies to deposit perovskites avoid the co-evaporation of the organic 

cations and the lead halide (PbX2). Evaporated PbX2 thin films have been transformed into 

perovskite by spin coating a solution containing organic cations66ï68. However, solar cells 

fabricated with these methods usually have even lower PCE (less than 18%) due to 

problems such as low infiltration of the organic precursors into the compact PbX2 layers 

fabricated by evaporation and low control on the stoichiometry of the final film. Moreover, 

the incorporation of a solution process step in the fabrication of the perovskite layer 
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undermines the benefits that thermal evaporation can bring to the PSCs field. For this 

reason, two-step vacuum processes have also been used to fabricate perovskites. First, a 

layer of PbX2 is deposited on the substrate by evaporation, and then, the layer is converted 

into perovskite by exposure to a vapor of the organic cation68ï70. However, similar to the 

previous case, the control on the stoichiometry is low and the evaporated PbX2 layer is 

difficult to infiltrate with the organic cation. 

2.4.3 Thermal evaporation of inorganic perovskites 

The organic cation in the HOIP structure can be replaced by inorganic elements. 

Cs+ is the most widely studied for solar cells. It offers greater thermal stability than organic 

precursors such as MA+ and FA+. However, due to the small atomic size, Cs-based HOIP 

have a larger bandgap and the cubic structure is only stable at elevated temperatures. 

Nonetheless, inorganic perovskites are of interest for solar cells and other applications. For 

example, they can be effectively used in tandem solar cells, which take advantage of 

materials with different bandgaps to minimize the energy losses by electron thermalization.  

Contrary to MAI, CsI and CsBr exhibit a good sticking coefficient, and QCMs can 

accurately control their deposition rate. This simplifies the deposition of CsPbI(3-x)Brx 

perovskites by evaporating all the precursors concurrently, while having good control on 

the stoichiometry of the film. For example, Ma et al71 fabricated CsPbIBr2 by co-

evaporating CsI and PbBr2. They obtained films with a bandgap of 2.05 eV that showed 

high thermal stability. Likewise, Pintor et al72 fabricated CsPbI3 by the co-evaporation of 

CsI and PbI2. The as-deposited CsPbI3 film grown at room temperature had an 

orthorhombic perovskite structure (ɔ-CsPbI3), which then had two transitions under 
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annealing. The transition from ɔ-CsPbI3 to orthorhombic non-perovskite phase (ŭ-CsPbI3) 

occurs at 150 °C, and the transition from ŭ-CsPbI3 to cubic perovskite phase (Ŭ-CsPbI3) 

occurs at 335 °C. Zhang et al73 found that ɔ-CsPbI3 can be stabilized at room temperature 

by a small addition of phenylethylammonium iodide (PEAI) in the evaporation process. As 

result, they obtained solar cells with up to 15% of PCE that maintained their performance 

for over 215 days, the highest performance with this composition to date. 

2.4.4 Thermal evaporation of FAPbI3 

Among different compositions of perovskite, FAPbI3 is the most promising for 

solar cell applications. It has an optimum bandgap of 1.43 eV, and it can have a cubic 

structure (Ŭ-FAPbI3). However, a hexagonal non-perovskite phase (ŭ-FAPbI3) is the most 

stable phase at room temperature, which impedes the use of pure FAPbI3 as the absorber 

layer in PSCs. Nonetheless, studies have shown that once the Ŭ-FAPbI3 perovskite is 

formed, it is stable at room temperature in inert environment74. Strategies to improve the 

stability of Ŭ-FAPbI3 at ambient conditions include the addition of other cations such as 

Cs+ and MA+, surface treatments to form 2D perovskites on the surface, and additives that 

stabilize the structure by steric hindrance, but most of these strategies have only been 

studied in solution processes such as spin coating. 

 Borchert et al75 co-evaporated PbI2 and FAI to form a uniform FAPbI3 layer over 

a large area. XRD measurements show that the material crystallizes in the delta phase at 

room temperature, but it is converted into the alpha phase after annealing it at 170 °C. Solar 

cells fabricated with this layer have a PCE of 14.2%, which is attributed to the low stability 

of FAPbI3. Likewise, Roß et al76. studied the role of stoichiometry on the phase purity of 
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the evaporated FAPbI3 layers. They found that the formation of the delta phase in the 

evaporation can be suppressed by the combination of introducing an excess of FAI in the 

film and having a substrate coated with more than a single monolayer of MeO-2PACz ([2-

(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid), a material for the HTL that is 

known for forming self-assembling monolayers. However, solar cells containing excess 

FAI show lower performance, and the annealing step is still necessary to obtain 16% of 

PCE. These difficulties were overcome by introducing MAI to the perovskite to form 

MA xFA(1-x)PbI3 instead. This composition led to solar cells with PCE of 20.4% that 

maintain 100% of the performance after 1000 h under constant operation. 
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CHAPTER 3 EXPERIMENTAL METHODS  

This chapter elaborates on the fundamental experimental methodologies used 

throughout this dissertation, encompassing a detailed description of the primary 

procedures, important characterization techniques, and supplementary secondary tools 

employed. 

3.1  Perovskite thin films fabrication 

HOIP films were deposited by thermal evaporation and solution process on glass, 

fluorine-doped tin oxide (FTO), indium tin oxide (ITO), and silicon wafers. Before 

deposition, substrates underwent a cleaning procedure involving sequential sonication for 

15 min each in 2% mucasol (Schülke) solution, distilled water, acetone (Sigma-Aldrich, 

Ó99.5%), and isopropyl alcohol (Fischer Chemical). Subsequently, the substrates were 

dried using a nitrogen gun, and the substrates were exposed to an ultraviolet (UV)-ozone 

cleaner for 15 minutes before the deposition. 

3.1.1 MAPbI3 co-evaporation 

 MAPbI3 was deposited in a Kurt J. Lesker MiniSpectros series evaporator from the 

simultaneous sublimation of PbI2 (Sigma-Aldrich, 99.99%) and MAI (Sigma-Aldrich, 

99.99%). The deposition rate of PbI2 was controlled by a proportional-integral-derivative 

(PID) controller using a QCM located near the source for the feedback loop. The QCM 

was calibrated previously with two depositions on glass substrates that were used to 

calculate the thickness of the layer with a Bruker Dektak XTL profilometer. On the other 

hand, evaporation rate of MAI was indirectly controlled with the source temperature using 
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a PID controller. Both sources use alumina crucibles of 10 cm3 that are heated by resistors 

according to the controllers. Enough time is allowed to stabilize the pressure of the chamber 

before opening the substrate shutter. The final MAPbI3 thickness on the substrate is 

monitored with another QCM located near the substrate. To enhance film uniformity, the 

samples were rotated at a speed of 10 rpm throughout the evaporation procedure. Figure 

3-1A shows a schematic of the process, where RC indicates the rate control, TC indicates 

the temperature control, PI indicates pressure indicator, and TI indicates pressure indicator. 

3.1.2 FAPbI3 co-evaporation 

 FAPbI3 was deposited in a Kurt J. Lesker MiniSpectros series evaporator from the 

simultaneous sublimation of PbI2 (Sigma-Aldrich, 99.99%) and FAI (Greatcell Solar 

Materials, 99%). Prior to deposition, the PbI2 and FAI deposition rates were accurately 

calibrated using dedicated QCMs positioned near the respective sources. During the 

evaporation process, the deposition rates of PbI2 and FAI were controlled by individual 

PID controllers that used QCMs located near each source. The stoichiometry of the layer 

was modified by changing the ratio of PbI2:FAI deposition rates. To obtain stochiometric 

film, the PbI2 deposition rate was maintained at 0.4 Å/s, while the deposition rate of FAI 

was set to 0.44 Å/s. Enough time was allowed to stabilize the deposition rates in the 

chamber before opening the substrate shutter. The final FAPbI3 thickness on the substrate 

was monitored with another QCM located near the substrate, and the evaporation was 

terminated when achieving a total thickness of 400 nm. To enhance film uniformity, the 

samples were rotated at a speed of 10 rpm throughout the evaporation procedure. Figure 

3-1B presents a schematic of the process. In this case, the temperature is not used to control 

the evaporation rates and it serves only as an indicator for the process. 
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Figure 3-1. Schematic of co-evaporation of perovskite. A) MAPbI3. B) FAPbI3. RC: rate 
controller. TC: Temperature controller. TI: Temperature indicator. PI: Pressure indicator. 

3.1.3 MAPbI3 spin coating 

 A stock solution of PbI2 (Tokyo Chemical Insdutry (TCI), 99%) with a 

concentration of 1.35 M was prepared using a mixture of dimethylformamide (DMF, 

Sigma-Aldrich, 99%) and dimethylsulfoxide (DMSO, Sigma-Aldrich, 99%) at a 6:1 

volume ratio of DMF:DMSO. The PbI2 stock solution was then added to the MAI 

(Greatcell Solar Materials) powder to obtain a solution with 5% of excess of PbI2 (Molar 

ratio PbI2:MAI = 1.05:1). 80 µL of the MAPbI3 solution was spun on the substrate using a 

two-step program, the first step at 1000 rpm for 2 s and the second at 4000 rpm for 23 s. 

250 µL of ethyl acetate (Sigma-Aldrich, 99.99%) was dripped 5 s before the completion of 

the second step to improve the morphology of the film. Then the as-deposited film was 

annealed at 100 ÁC for 20 min. 

3.1.4 FAPbI3 spin coating 
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 The precursor solution was prepared by mixing the FAI (Greatcell Solar Materials, 

99%) and PbI2 (TCI, 99%) powders in a vial and dissolving the mixture in solution of DMF 

(Sigma-Aldrich, 99%) and DMSO (Sigma-Aldrich, 99%) at a volume ratio of 2:1 of 

DMF:DMSO to obtain a FAPbI3 nominal concentration of 1.24 M. The molar ratio 

FAI:PbI2 was set at 1:1.05. The solution was mixed in a vortex for at least 10 min to assure 

complete solvation. 80 µL of the solution was spun on the substrate using a two-step 

program, the first step at 1000 rpm for 10 s and the second step at 6000 rpm for 20 s. 250 

µL of chlorobenzene (Sigma-Aldrich, 99.50%) was dripped 5 s before the completion of 

the second step. The as-deposited film was annealed at 150 °C for 20 min. 

3.1.5 Cs(1-x)FAxPbI3 spin coating 

The precursor solution was prepared by mixing the FAI (Greatcell Solar Materials, 

99%), CsI (Sigma-Aldrich, 99.99%), and PbI2 (TCI, 99%) powders in a vial and dissolving 

the mixture in a 4:1 DMF:DMSO (DMF: Sigma-Aldrich, 99%, DMSO: Sigma-Aldrich, 

99%) solution to obtain a nominal concentration of 1.24 M. The molar ratio of FAI:CsI: 

PbI2 was set to 0.91:0.09:1.05. The solution was mixed in a vortex for at least 10 min to 

assure complete solubility. 80 µL of the solution was spun on the substrate using a two-

step program, the first step at 1000rpm for 10 s and the second step at 6000 rpm for 20 s. 

250 µL of chlorobenzene (Sigma-Aldrich, 99.50%) was dripped 5 s before the completion 

of the second step. The as-deposited film was annealed at 150 °C for 20 min. 

3.2  Solution based functionalization with phosphonic acids 

Phosphonic acids with different R-ligand chemistries were employed to functionalize 

FTO substrates. These substrates were used as a close approximation of the substrates used 
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to fabricate PSCs. Table 3-1 summarizes the molecules used in Chapter 5. All the 

molecules were kept in the nitrogen box to prevent moisture. A solution of the phosphonic 

acid in ethanol (Sigma-Aldrich, 99%) was prepared and stirred for 1h in vortex mixer inside 

the glovebox. Subsequently, 100 uL of solution was dispensed onto the substrate and 

evenly spread. After allowing 1 min for settling, the spin-coating process was initiated, 

using a speed of 3000 rpm for 30s with 1000 rpm/s of acceleration. Following the spin-

coating step, the samples were dried at 100 °C for 10 min on a hotplate. The samples were 

then used immediately to deposit the perovskite layer on top. 

Table 3-1. List of phosphonic acid used to functionalize the FTO substrate. 

Name Abbreviation Formula Structure 

Provider 

and purity  

Phosphorous acid PAc H3O3P 

 

Sigma-

Aldrich, 

99% 

Phenylphosphonic 

acid 

PhPAc C6H7O2P 

 

Sigma-

Aldrich, 

98% 
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Table 3-2 continued. 

Name Abbreviation Formula Structure 

Provider 

and purity  

Benzylphosphonic 

acid 

BPAc C7H9O3P 

 

Fisher 

Scientific, 

97% 

(4-Bromobenzyl) 

phosphonic acid 

4BrBPAc C7H8BrO3P 

 

Sigma-

Aldrich, 

97% 

(3-Phosphono) 

propionic acid 

3PPAc C3H7O5P 

 

Sigma-

Aldrich, 

94% 

(3-Bromopropyl) 

phosphonic acid 

3BrPPAc C3H8BrO3P 

 

Sigma-

Aldrich, 

97% 

Ethylphosphonic 

acid 

EPAc C2H7O3P 

 

Sigma-

Aldrich, 

98% 
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Table 3-3 continued. 

Name Abbreviation Formula Structure 

Provider 

and purity  

Propylphosphonic 

acid 

PPAc C3H9O3P 

 

Sigma-

Aldrich, 

95% 

3.3  Evaporation of phosphonic acid molecules 

The phosphonic acid molecules were evaporated in a Kurt J. Lesker MiniSpectros 

series evaporator. The amount of material deposited on the substrates was controlled by 

the initial mass loaded into the crucible. This dissertation focused on the evaporation of 

3PPAc and PPAc. Two molecules with different R-ligand that showed opposing results in 

Chapter 5. Both of these molecules evaporated at temperatures around 100 °C. Typically, 

the temperature of the evaporator source was increased to 90 °C, and then, the evaporation 

rate controlled at 0.05 Å/s.  

The phosphonic acid molecules were also co-evaporated along with FAPbI3 precursor, 

PbI2 (Sigma-Aldrich, 99.99%) and FAI (Greatcell Solar Materials, 99%).  By employing 

this method, we forced the presence of the phosphonic acid molecules within the bulk of 

the perovskite layer. In this co-evaporation process, the evaporation rate of PbI2 and FAI 

was kept constant at 0.4 Å/s and 0.44 Å/s, respectively, and the evaporation rate of the 

phosphonic acid was kept at 0.05 Å/s. 

3.4  Solar cell fabrication 
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The devices were fabricated with a flat direct architecture (FTO/ETL/perovskite 

(PVK)/HTL/Au) using TiO2 as the ETL and 2,2ô,7,7ô-Tetrakis[N,N-di(4-

methoxyphnyl)amin]-9,9ô-spirobifluorene (spiro-OMeTAD) as the HTL. Substrates with a 

laser etched FTO pattern were used to fabricate 8 independent cells with an area of 0.128 

cm2 in the same substrate as shown in Figure 3-2A. The FTO in the substrate serves as the 

anode of the solar cell, collecting all the negative charges. Before deposition of subsequent 

layers, the substrates underwent a cleaning procedure involving sequential sonication for 

15 min each in 2% mucasol (Schülke) solution, distilled water, acetone (Sigma-Aldrich, 

Ó99.5%), and isopropyl alcohol (Fischer Chemical). Subsequently, the substrates were 

dried using a nitrogen gun and exposed to a UV-ozone cleaner for 15 minutes right before 

been used. 

3.4.1 Electron transporting material deposition 

A compact layer of TiO2 (c-TiO2) was deposited by spray pyrolysis at 450 °C, using 

a solution that contains 10.8 mL of Ethanol (Sigma-Aldrich, 99.5%), 480 µL of 

acetilacetone (Sigma-Aldrich, 99%), and 720 µL of a commercial solution of titanium 

diisopropoxide bis(acetylacetonate) with 75 wt% in isopropyl alcohol (Sigma-Aldrich). 

The solution was sprayed using O2 as the carrier gas in 7 cycles of 10 seconds. The cycles 

were separated by 30 seconds from each other to prevent changes in the temperature of the 

substrate. Subsequently, the c-TiO2 layer was annealed at 450 °C for 30 min. 

In Chapter 4, reference devices containing a mesoporous TiO2 (mp-TiO2) layer 

were employed to compare the device performance. This layer improves the charge 

transport and reduces recombination in the PSCs. The mp-TiO2 layer was deposited by spin 
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coating a commercial TiO2 paste (Sigma Aldrich) diluted in ethanol at a concentration of 

150 mg of paste per mL of ethanol. The solution was mixed in a bar stirrer for at least 24 

hours to assure complete dispersion of the TiO2 nanoparticles. Subsequently, the solution 

was statically spun on the FTO/c-TiO2 substrates at 4000 rpm for 10 seconds and dried on 

a hotplate for 10 min at 100 °C. Finally, the mp-TiO2 layer followed a sintering process at 

450 °C for 30 min. 

3.4.2 Perovskite deposition 

The substrate containing the ETL were immediately stored inside of the nitrogen 

glovebox to complete the PSCs. This step is necessary to prevent water sorption that can 

affect the properties of the perovskite layer. Then, the perovskite layer was deposited 

according to the methods described in section 3 on top of the FTO/ETL substrates.  

3.4.3 Hole transporting material deposition 

The spiro-OMeTAD layer was made by spin coating from a 0.07 M solution in 

chlorobenzene (Sigma-Aldrich, 99.99%). The solution was doped with Lithium 

bis(trifluoromethane)sulfonimide (LiTFSI, Sigma-Aldrich, 99%), ter-butylpiridine 

(Sigma-Aldrich, 99%), and tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) 

tri[bis(trifluoromethane)sulfonimide] (Co FK209, Sigma-Aldrich, 99%). LiTFSI and Co 

FK209 powders were dissolved in acetonitrile (Sigma-Aldrich, 99%) at a concentration of 

520 mg/mL and 300 mg/mL respectively. Typically, 91 mg of spiro-OMeTAD were 

diluted in 1 mL of chlorobenzene. Then, 36 ɛL of ter-butylpiridine, 16.6 ɛL of LiTFSI 

solution, and 8.9 ɛL of Co FK209 solution were added to the mixture to finally obtain a 

molar ratio of dopants to spiro-OMeTAD of 3.3:1, 0.4:1, and 0.03:1, respectively. The final 
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solution was dynamically spun on the FTO/ETL/perovskite substrates at 3000 rpm for 30 

s. 

3.4.4 Metal contact 

The PSCs was completed by depositing gold on top of the 

FTO/ETL/perovskite/HTL substrates. The gold layer serves as the cathode of the solar cell, 

collecting all the positive charges from the HTL. A 50 nm layer of gold was deposited by 

thermal evaporation using a shadow mask to obtain the pattern observed in Figure 3-2A. 

The process was controlled with a QCM that was previously calibrated to measure the gold 

thickness. The deposition rate was set at 0.01 Å/s during the first nanometer. Then it was 

increased to 0.05 Å/s until achieving a total thickness of 5 nm, 0.10 Å/s until achieving a 

total thickness of 20 nm, and 0.5 Å/s until achieving a total thickness of 50 nm. The base 

pressure was kept under 1 x 10-6 Torr in all the cases. 

 

Figure 3-2. Device schematic and electrical characterization. A) Top-view structure. B) 
Cross-section structure. C) Solar simulator system. 

3.5  Characterization 

The characterization of the films and devices focused on five different fronts: 

crystallographic, compositional, morphological, optical, and electrical. 
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3.5.1 Crystallographic characterization 

The crystallographic characterization relied on XRD and synchrotron based 

GIWAXS to understand the phase purity of the materials and the preferential orientation 

of the crystals. XRD was performed at the Materials Characterization Facilities (MCF) of 

the Institute for Electronics and Nanotechnology (IEN) in a Panalytical Empyrean 

diffractometer. GIWAXS was performed at the beamline 11-BM at the National 

Synchrotron Light Source II in Brookhaven National Laboratory. The samples were 

measured with incidence angles between 0.1 and 0.5 degrees with a 10 second exposure 

time. The x-ray beam had an energy of 13.5 keV, 0.2 mm x 0.05 mm size, 1 mrad 

divergence, and an energy resolution of 0.7%.  

 The structure identification was made using Vesta software to model the diffraction 

peaks of the different structures. In Chapter 4, Le Bail analysis was performed using the 

FullProf software to help the phase identification. 

3.5.2 Compositional characterization 

The compositional characterization included X-ray photoelectron spectroscopy 

(XPS), energy dispersive spectroscopy (EDS), and synchrotron based X-ray fluorescence 

(XRF). XPS and EDS were performed at MCF of IEN at Georgia Tech in a Thermo Fisher 

k-alpha XPS and a Hitachi SU8230, respectively. XPS data was analyzed using the 

Avantage software to deconvolute peaks and determine the atomic compositions. XRF was 

performed at the beamline 2-ID-D at the Advanced Photon Source in Argonne National 

Laboratory. The 13.8 keV X-ray was focused using Fresnel zone plate with 300 nm full 

width half maximum. For data analysis, the MAPS software was used to deconvolute the 
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spectrum into overlapping peaks and backgrounds from fluorescence data. The data was 

normalized using NIST thin-film standards SRM 1832 and 1833 to calculate elemental 

concentrations. 

3.5.3 Morphology and optical properties 

The morphological characterization relied on scanning electron microscopy (SEM) 

and profilometry. SEM was performed in a Hitachi SU8230 at MCF of IEN, and grain size 

is determined by manually analyzing several pictures with ImageJ. Profilometry was 

performed in a Bruker Dektak XTL. 

The optical characterization included UV-VIS spectrophotometry, steady-state 

photoluminescence (ss-PL), and transient photoluminescence (tr-PL). The UVïvis 

absorption spectra were acquired with a Cary 5000 UVïvis/NIR spectrometer. The steady-

state photoluminescence was determined with a Horiba Scientific FL3-21 fluorometer. 

Data was plotted and analyzed using OriginLab software. The bandgap of the materials 

was calculated through Tauc plots. In Chapter 4, Tr-PL was performed and analyzed by 

Esteban Rojas-Gatjens and Prof. Carlos Silva with customized setup in an optical table. 

3.5.4 Electric characterization of devices 

To evaluate the performance of the fabricated PSCs, their photovoltaic performance 

was measured. The electrical characterization included the JV curves, maximum power 

point tracking (MPPT) and stability measurements under 1.5 A.M illumination (100 

mW/cm2) in a Fluxim solar simulator (LitosLite) and stability chamber (Litos). The J-V 

measurement was performed under light and dark conditions at a speed of 50 mV/s 
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sweeping from 1.2 V to -0.5 V (reverse scan) and from -0.5 V to 1.2 V (forward scan). The 

obtained J-V curves allowed to calculate the JSC, open circuit voltage (VOC), fill factor (FF), 

and PCE. JSC is the current density at 0 V. VOC is the voltage where the current density is 

0 mA. PCE is the maximum power the solar cell can produce divided by the illumination 

power of solar simulator. Power can be found by multiplying the voltage and density of 

current at that specific point.  FF is calculated as the ratio between the maximum power 

divided by (Jsc*Voc) and serves as an indicator of the ideality for the performance as it is 

greatly influenced by recombination processes. 

3.6  Computational methods for the study of phosphonic acid interactions 

with the perovskite layer 

Computational calculations on the interaction of the phosphonic acid and the perovskite 

layer were performed by Dr. Farzaneh Jahanbakhshi and Prof. Andrew M. Rappe. Bare 

and phosphonic acid passivated stoichiometric slabs (with either PbI2 or FAI terminated 

surfaces) of a- and dïFAPbI3 were constructed from ς ς τ and ρ ρ σ replications 

of their corresponding conventional unitcells, sequentially. DFT calculations with the 

PerdewïBurkeïErnzerhof exchange-correlation functional revised for solids and 

surfaces77 were performed using the Quantum Espresso suite of codes78. Ultrasoft 

pseudopotentials were used to describe the interaction between the valence electrons and 

the ionic cores. Kohn-Sham orbitals were expanded in a plane-wave basis set with a 

kinetic-energy cutoff of 60 Ry and a density cutoff of 420 Ry. Van der Waals interactions 

were incorporated via the empirical D3 dispersion correction scheme79. Ὁ of bulk 

hexagonal and cubic FAPbI3 were calculated based on the reaction mechanism of FAI + 

PbI2 ­ FAPbI3, per Equation 3-1, where Ὁ , Ὁ , and Ὁ  represent the DFT energies 
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of 1 formula unit (f.u.) of FAPbI3 and the precursors (PbI2 and FAI). The growth energy 

(Ὁ ) defined as the summation of the formation (Ὁ  , Equation 3-1) and separation (Ὁ , 

Equation 3-2) energies as well as the slab-ligand capping energy (Ὁ , Equation 3-3) was 

computed for each passivated slab, according to Equation 3-4. In this formulation, Ὁ  is 

the energy per surface formula unit (s.f.u.) indicated by ά , required to form the slab from 

the bulk phase, ά  is the total number of f.u. in the slab, and Ὁ  is the DFT energy of 

the slab. Ὁ  is also obtained from the total energies of the bare (Ὁ ) and ligand-capped 

slabs (Ὁ ). Furthermore, to study the FTO-functionalization via PAc ligands, we 

constructed stoichiometric slab models of FTO (110) which is thermodynamically the most 

stable. FTO-PAc binding energies were calculated from the DFT energies of the bare 

(Ὁ ) and PAc-capped (Ὁ  slabs according to Equation 3-5. To assess the ligand-

ligand bond dissociation during the evaporative deposition of FAPbI3, we computed the 

ligand-ligand binding energy ("% ) per Equation 3-6, from the total energies of the 

bilayer- and monolayer-functionalized FTO (Ὁ  and Ὁ ) and the 

upper-layer ligand (Ὁ  ).  

Equation 3-1 

Ὁ   Ὁ   Ὁ  Ὁ  

Equation 3-2 

Ὁ  Ὁ  ά ȢὉ Ⱦά  
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Equation 3-3 

Ὁ  Ὁ Ὁ  Ὁ  Ⱦά   

Equation 3-4 

Ὁ Ὁ Ὁ Ὁ   

Equation 3-5 

ὄὉ  Ὁ Ὁ Ὁ  

Equation 3-6 

"% Ὁ Ὁ  Ὁ   
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CHAPTER 4 FORMATION OF SECONDARY PHASES IN 

THERMAL EVAPORATED MAPBI 3 

MAPbI3 is one of the most studied perovskite compositions for solar cells due to 

the great optoelectronic properties and simplicity of fabrication. However, non-directional 

evaporation of MAI complicates the control over the stoichiometry and crystal growth. The 

low sticking coefficient of MAI impedes an accurate measurement of the deposition rate 

of this organic salt with QCMs. Previous studies on evaporation of MAPbI3 have focused 

on controlling the rate of MAI deposition based on its partial pressure or source 

temperature80ï82  and on understanding how the sticking coefficient of MAI depends on the 

purity of the material and composition of the substrates58. Nonetheless, the growth of 

MAPbI3 co-evaporated perovskite films is still not fully understood, which results in lower 

efficiencies for vapor-deposited solar cells compared to state-of-the-art solution-processed 

devices. 

Here, we study how the MAI evaporation rate affects the crystal structure, 

stoichiometry, and photovoltaic performance of the perovskite layer. We use a constant 

PbI2 evaporation rate and different temperatures of the MAI source to induce the formation 

of films with different PbI2:MAI ratios, whose crystalline properties, we then analyzed 

combining XRD and GIWAXS. Our results show that the use of different MAI evaporation 

rates has a strong impact ï beyond stoichiometry - on the crystallinity of the deposited 

perovskite film and on its phase purity. Lower MAI evaporation rates favor the formation 

of a secondary phase of MAPbI3 ï potentially identified as orthorhombic-, whereas higher 

temperatures promote the formation of the tetragonal phase. A phase pure tetragonal 
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structure is associated with higher PCEs, whereas mixed phases in the film result in a 

performance drop. At even higher MAI temperatures, the deposited layer becomes 

amorphous and strongly non-stoichiometric, which is detrimental to solar cell performance. 

4.1  The effect of temperature of MAI source on the stoichiometry  

To understand the growth mechanisms of MAPbI3 by evaporation, we deposited 

films with a constant rate of PbI2 at 0.2 Å/s and varying the temperature of the MAI source 

from 80 °C to 170 °C. Figure 4-1A shows a series of the deposited films, where it is seen 

that for source temperatures below 140 °C, films resemble the color of the PbI2 precursor 

with a slight increase in opacity as temperature increases. As the temperature reaches 140 

°C, a sudden change in color is observed towards the deep brown tint typical of MAPbI3. 

As the temperature increases beyond 140 °C, more MAI becomes available in the chamber 

to react with PbI2, which is associated with a further darkening of the films. Notably, the 

color of deposited film drastically lightens at a MAI source temperature of 170 °C, which 

could be related to a large excess of MAI impeding the crystallization of the film. The UV-

vis (Figure 4-1B) of these films highlights the existence of the MAPbI3 perovskite phase 

when the MAI source temperature is held between 140 and 165 °C, as shown by the 

absorption onset in the spectrum at 750 nm. At 120 °C the absorption is dominated by PbI2, 

with an onset around 510 nm as well as at lower MAI source temperatures as Figure 

A-1shows. At 170 °C the absorption of the film drops significantly, suggesting no 

conversion to a perovskite phase occurs in the presence of a large excess of MAI.  
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Figure 4-1. Optical properties and chemical composition of co-evaporated films at a 
constant PbI2 rate of 0.2 Å/s and varying MAI source temperature. A) Photographs of the 
layers. B) UV-VIS absorption spectra of the films deposited with MAI source temperatures 
between 120 °C and 170 °C. C) Pb:I molecular ratio calculated from XRF maps of 100 µm x 

100 µm. D) Pb:I ratio XRF maps with 250 nm step size/ pixel. 

The changes observed in the optical properties of the layers are closely related to 

the overall stoichiometry of the films. Figure 4-1C shows the Pb:I molecular ratio 

calculated from the XRF maps taken in an area of 100 µm x 100 µm (maps in Figure A-2). 
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In addition, Figure 4-1D shows Pb:I ratio X-ray fluorescence mapping of samples 

processed at selected MAI source temperatures. We observed that films with MAI source 

temperatures from 140 °C to 155 °C are homogeneous in the scanned areas, and the Pb:I 

ratio is close to the theoretical value of 0.33 for MAPbI3. On the other hand, at MAI 

temperature of 165 °C, small domains of a few microns with low Pb:I ratio are formed, 

which also decreases the average Pb:I ratio of the film. These domains are believed to be 

segregation of MAI or the formation of low dimensional perovskite phases, as discussed 

below. At a MAI temperature of 170 °C, the film has larger domains with low content of 

Pb, and even the maximum Pb:I ratio in the map (1:5) is far from the theoretical ratio of 

MAPbI3 (1:3). This information suggests that at lower source temperatures, MAI can only 

significantly sorb to the substrate when it interacts with PbI2 to form a perovskite phase. 

For this reason, there is a region between 140 °C and 155 °C that has a constant Pb:I ratio 

close to stoichiometric, as there is enough MAI to fully convert the flux of PbI2, but no 

excess of MAI remains in the film. However, at higher temperatures, where the MAI 

evaporation rate increases more, the amount of MAI molecules interacting with the 

substrate is high. For instance, sorption to the fully converted perovskite can be observed 

even though the sticking factor of MAI to itself or perovskites is low compared to the 

sticking factor to PbI2. This trend at higher temperature is confirmed by the XRF of the 

films (Figure 4-1C), which shows there is an excess of MAI in the film at 170 °C MAI 

source temperature. In general, this behavior agrees with reports that show that the low 

sticking factor of MAI makes it difficult to form MAI-only films on QCMôs, and that the 

sticking factor strongly depends on the substrate material 59,69. Figure A-4 shows XRF 

maps obtained with films evaporated at a higher deposition rate of 1.16 Å/s. We observed 
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that with higher flux of PbI2, the formation of Pb-poor domains is only observed at the 

highest temperature (170 °C) and contrary to the deposition rate of 0.2 Å/s, the Pb:I ratio 

constantly decreases from a Pb-rich to a Pb-poor without a region of stoichiometric films. 

This shows that to obtain a region of stoichiometric films with different MAI source 

temperatures, the PbI2 deposition rate must be low. It is necessary to have enough MAI 

evaporation rate to react with all the PbI2, but not enough MAI evaporation rate to 

significantly sorb to the substrate after all the PbI2 has been converted to the perovskite 

structure.  

 

Figure 4-2. Schematic of the proposed stoichiometries of evaporated MAPbI3 films with 
varying MAI source temperature. A) Low-temperature MAI-limiting region: An increase in 

the MAI evaporation rate also increases the amount of MAI incorporated in the film. B) PbI2-
limiting region: The amount of MAI incorporated in the film remains constant as the flux of 

PbI2 is fully converted, and molecules of MAI do not stick well to the substrate. C) High-
temperature MAI-limiting region: The MAI evaporation rate is high and the amount of MAI 

molecules that remain in the substrate is significant. 

Figure 4-2 shows the proposed mechanism for the formation of the evaporated films 

with a PbI2 deposition rate of 0.2 Å/s that is divided into three regions. In the first region 

where the MAI source temperature below 140 °C, MAI only significantly adsorbs to the 

substrate when it reacts with a molecule of PbI2 on the substrate. Due to the low MAI 

evaporation rate, the flux of PbI2 is not fully converted to perovskite. In this region, the 
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Pb:I ratio will continuously decrease as the evaporation rate of MAI increases. The 

formation of PbI2 rich film at temperature below 140 °C is corroborated by the UV-VIS of 

these films, where PbI2 dominates the absorption of the films (Figure A-1). In the second 

region, for temperatures between 140 °C and 155 °C, the evaporation rate of MAI is enough 

to convert all the flux of PbI2 into the perovskite, but condensation of MAI on the substrate 

is not significant as the evaporation rate is still low. In this region, the Pb:I ratio is 

independent of the MAI evaporation rate and close to 1:3. Lastly, in the third region, for 

temperatures above 155 °C, we expect the accumulation of MAI on the substrate as the 

evaporation rate is high enough for molecules of MAI to adsorb to other molecules of MAI 

and/or to MAPbI3. However, we expect that as the PbI2 deposition rate increases, the range 

of temperature at which it is possible to obtain stoichiometric films is shortened. Figure 

A-5 shows the comparison of the hypothesized behavior for different PbI2 deposition rates. 

At high PbI2 deposition rates, this region disappears, and as result, the Pb:I always 

decreases with the increase of MAI evaporation rate. 

4.2  Effects on the morphology of the layer 

In addition to the stoichiometry of the film, the amount of evaporated MAI, 

controlled by the temperature of the MAI source, also influences the layerôs morphology. 

The SEM images of MAPbI3 films deposited with different MAI source temperatures are 

presented in Figure 4-3. All films are pinhole-free and are distinguished by small grains 

with narrow distribution. The apparent grain sizes (as identified from SEM) were 

dependent on the MAI source temperature and increased from an average of 39 nm at 140 

°C to 131 nm at 165 °C. Films deposited at 170 °C, on the other hand, have a different 
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morphology. These films are rougher, and the shape of the apparent grains is less defined 

than at lower temperatures. 

 

Figure 4-3. SEM images of films deposited with a constant deposition rate of PbI2 of 0.2 Å/s 
and different temperatures (A) and average grain size (B). The scale bar is 500 nm in all the 

images. 

The observed grain size dependence on temperature agrees with previous studies 

on co-evaporated MAPbI3
83ï85. Arivazhagan et al65 showed that grain size could be 

optimized by balancing the stoichiometry of the film and found that it was possible to 

achieve grains of more than 1 µm under optimized conditions. Likewise, Hsiao et al.86 

controlled the grain size of MAPbI3 layers in a two-step evaporation method by changing 

the vapor pressure of MAI at which the layer of PbI2 was exposed. In these studies, smaller 

grains are related to an excess of either PbI2 or MAI in the film. On the other hand, 
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Lohmann et al87 showed that grain size also depends on the substrate temperature, being 

able to achieve grains of several microns when the substrate is held at -2 °C during 

deposition. They suggest that the growth mechanism begins with the deposition of PbI2 on 

the substrate, which thereafter reacts with MAI, similar to the work by Kim et al59. Rapid 

conversion of PbI2 to perovskite is important in the formation of larger grains, and this can 

be achieved at lower substrate temperatures due to the increase in MAI adsorption rate. 

Nevertheless, they observed higher device efficiency on films that were deposited at room 

temperature, despite smaller grains, suggesting a lack of understanding of other dominating 

effects 88. Here we show that although the overall composition of the films does not change 

for MAI temperature between 140 °C and 155 °C, the grain size increases. Therefore, the 

evaporation rate of MAI plays a role in the growth mechanism of the crystals different than 

only determining the stoichiometry of the films.  

4.3  Changes in the crystalline structure 

To understand the effect of MAI temperature on perovskite crystallinity, we 

measured the XRD pattern of the films. Figure 4-4 shows the XRD patterns of the films 

deposited with temperatures between 140 °C and 170 °C and a constant deposition rate of 

PbI2 of 0.2 Å/s. Lower temperatures are shown in Figure A-6. Films processed with MAI 

source temperatures below 120 °C only show peaks related to PbI2, but at higher 

temperatures, peaks that correspond to MAPbI3 emerged in the pattern. This corroborates 

our analysis on the stoichiometry of the film (proposed mechanism in Figure 4-2) as the 

XRD data is in line with the UV-VIS and XRF data discussed previously. Nonetheless, we 

observed variations in the relative intensity of MAPbI3 XRD peaks as the evaporation rate 

of MAI increased by using higher temperature of MAI. For temperatures between 140 °C 
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and 155 °C, the most intense peak is at 2q = 31.7°, but at 165 °C, the most intense peak is 

found at 2q = 14.2°. These changes in the relative intensity may be related to changes in 

the preferred crystallographic orientation of the film and to the formation of different 

crystalline phases. Interestingly, we observe that films with temperatures below 165 °C 

have two distinguishable peaks that match with an orthorhombic Pnma phase at 2q = 

22.98°, and 39.6°, for the (102), and (322) planes, respectively. These peaks disappear at 

165 °C, suggesting that our films are composed of a mixture of crystalline phases, and that 

the ratio between the two different phases depends on the source temperature of MAI. 

 

Figure 4-4. XRD patterns of films deposited with varying MAI source temperature. Top: XRD 
pattern of evaporated samples using constant deposition rate of PbI2 of 0.2 Å/s. Bottom: 
Simulated diffraction peaks for precursors and different phases of MAPbI3 (cubic Pm3m, 

tetragonal I4/mcm, and orthorhombic Pnma). The dotted lines indicate diffraction planes of 
orthorhombic phase, and low dimensional perovskite (LDP). 

Studies on MAPbI3 evaporation typically do not focus on the crystallographic 

variations induced by changes in the deposition parameters. We found that in most studies, 
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the diffraction pattern only shows two predominant peaks at 2q = 14.1° and 28.4°, that are 

indexed to either the (110) and (220) planes of the tetragonal phase83,89,90 or the (100) and 

(200) of the cubic phase84. Palazon et al.91 studied these two XRD peaks on films deposited 

at room temperature with different PbI2 deposition rates. They found that a lower 

deposition rate of PbI2 forms a tetragonal phase with peaks for the (002) and (110) planes 

at 2q = 14.0° and 14.1°. On the other hand, higher deposition rates allow the formation of 

a cubic phase, showing only one peak at 2q = 14.2° that corresponds to the (100) plane. 

However, none of these studies observe the formation of a secondary phase in the 

perovskite film. This may be due to the different rates of PbI2 evaporation used in the 

literature which leads to formation of perovskites with pure tetragonal phases. In our study, 

we found that changing the evaporation rate from 0.2 Å /s to 1.0 Å /s leads to suppression 

of the secondary phase as shown in Figure A-7. 

To further understand the XRD data with respect to different phases, we performed 

a Le Bail refinement using FullProf Suite with an orthorhombic (P n m a) and a tetragonal 

(I 4/m c m) structure. Figure 4-5 shows a comparison of the refinement around these peaks 

for films evaporated with MAI source temperature of 145 °C and 165 °C. We found that at 

lower temperatures, the simulation with the fitted tetragonal phase cannot explain the 

presence of the peaks at 2  ̒= 22.98° and 39.6°, whereas the simulation of the orthorhombic 

phase fits both peaks (Figure 4-5B and Figure 4-5C). At lower temperatures, the lattice 

parameters b and c of the orthorhombic phase are different than the ones of the tetragonal 

phase, indicating two different crystal phases. At 165 °C, the fitted tetragonal and 

orthorhombic phase have similar a, b, and c lattice parameters, evidence of only one crystal 

phase. The full range of the refinement and the analysis of the additional temperatures is 
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shown in Figure A-14. In the case of the films deposited with a MAI source temperature 

of 170 °C, we found that none of the perovskite structures can reproduce the XRD pattern, 

suggesting the formation of an amorphous or non-perovskite material.  

 

Figure 4-5. Le Bail refinement of selected XRD diffraction patterns of films deposited with 
MAI source temperature of 145 °C and 165 °C, and constant PbI2 rate of 0.2 Å /s. A) 
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Complete pattern. B) Amplified region from 2̒ Ґ20° to 2̒ =30° . C. Amplified region from 
2 =̒ 37° to 2̒ =44°. 

 

Figure 4-6. Circular integration of GIWAXS pattern of perovskite films for different MAI 
temperatures. The location of planes of the orthorhombic phase that are distinguishable 

from the cubic and tetragonal phases is marked dotted lines in the graph. 

To corroborate the crystallographic changes that we see in XRD and to provide 

additional insight, we performed GIWAXS on films deposited with MAI temperature from 

140 °C to 170 °C. Complementary to XRD, GIWAXS allows to see all diffraction peaks 

generated by our perovskite thin films, regardless of preferred crystallographic orientation. 

Figure 4-6 shows the circular average obtained from the 2D patterns. We compared the 

diffraction peaks to the position of the peaks in the precursors and the three crystallographic 

phases of MAPbI3, as we can see in Figure A-8 to Figure A-13. PbI2 is present in the films 

at temperatures below 165 °C, although the relative intensity of PbI2 peaks decreased 

significantly as the MAI source temperature increased. In terms of perovskite structures in 

the films, we observed that a MAI temperature from 140 °C to 165 °C leads to the 
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formation of a perovskite structure. The three crystallographic phases (cubic, tetragonal, 

and orthorhombic) of MAPbI3 have peaks with a similar position, which make it difficult 

to determine if multiple phases are present in the films. However, similar to the XRD, the 

peaks for the planes (102) and (322), at q values equal to 1.68 Å-1 and 2.76 Å-1 respectively, 

are distinguishable at lower temperature, and its intensity decreases as the temperature of 

the MAI source increases. Moreover, the peaks for the planes (132) and (401)/(004) of the 

orthorhombic phase at q values equal to 2.20 Å-1 and 2.92 Å-1, respectively, which are not 

visible in the XRD, can also be seen in the pattern, and its intensity decreases as the 

temperature of the MAI source increases. This corroborates our hypothesis that a secondary 

phase is present in the films with a Pnma space group as shown in the LeBail refinement. 

A higher evaporation rate of MAI prevents the formation of these secondary phases. In 

samples with MAI source temperature spanning from 155 °C to 165 °C, we observe 

dominant diffraction from either the tetragonal or the cubic phase. The accurate distinction 

between these two phases is difficult due to the lower angular resolution typical of the 

grazing incidence measurement configuration. Nonetheless, XRD showed that tetragonal 

phase is dominant at 165 °C.  

It is worth noting that studies on the phase transitions of MAPbI3 show that the 

orthorhombic phase is stable at temperature below -111°C, the tetragonal phase between -

111°C and 56.8 °C, and the cubic phase at above 56.8 °C92ï94, which raises questions on 

how either the orthorhombic or cubic phase can grow in a substrate that is at room 

temperature. As discussed before, some studies have suggested that the cubic phase may 

form at room temperature when the perovskite layer is deposited through vapor deposition, 

and that the layer is stable even under atmospheric conditions. This was possible by 
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increasing the PbI2 deposition rate to 0.5 Å/s. For lower PbI2 deposition rates, they obtained 

a tetragonal phase91, which has lower symmetry. However, the temperature range for the 

orthorhombic phase is far from the processing temperature in thermal evaporation, and 

thermal energy from the vapor phase would provide energy to the film, which would 

undermine the presence of the orthorhombic phase.  

Another possibility is that these peaks come from low dimensional non-perovskites 

(LDP), such as so-called 2D, 1D, or 0D perovskites. Evidence of these LDP and stacking 

faults have been shown before by kelvin probe force microscopy (KPFM)81, showing that 

a co-evaporated MAPbI3 film may contain traces of these phases. However, their study 

also shows that these phases are obtained especially at high MAI partial pressures in the 

chamber, which means a higher evaporation rate of MAI. Excess of MAI in the perovskite 

film causes issues with the stack of single layers of PbI4
- octahedra, exfoliating them and 

forming a 2D or lower dimension arrangement instead of the 3D perovskite 95. Nonetheless, 

our experiments show that the films that contain orthorhombic crystals were deposited 

using a lower temperature of MAI, lower evaporation rate, and XRF shows that the overall 

stoichiometry of these films is close to stoichiometric MAPbI3. Moreover, LDP can be 

distinguished by the formation of peaks in the XRD at low angles (around 11.5°), which 

are also absent in samples at temperatures below 155 °C. However, it is worth noting that 

the XRD of films at 165 °C show a small content of LDP that increases at MAI source 

temperature of 170 °C, which corroborates the relationship between LDP and an excess of 

MAI during deposition.  

The Le Bail refinement suggests that the observed secondary phase belong to the 

Pnma space group. However, the XRD patterns were taken from thin films, which causes 
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the absence of predominant peaks of an orthorhombic MAPbI3 perovskite, such as the peak 

for the (202) plane at 2̒ equals to 28.9° or q equals to 2.03 Å-1. Likewise, the lower angular 

resolution of GIWAXS makes it difficult to distinguish this peak and other predominant 

peaks of the orthorhombic phase, since they overlap with those for the cubic and tetragonal 

phases. Nonetheless, DFT studies on perovskites show that it is possible to obtain 

orthorhombic MAPbI3 stable under certain conditions. For example, Yang et al.96 

calculated the formation energy of orthorhombic MAPbI3 to be negative at room 

temperature, meaning that this phase can be thermodynamically stable. Therefore, this 

provides additional support for the explanation of our XRD and GIWAXS data showing 

an orthorhombic MAPbI3 perovskite phase. However, it is not possible to definitively state 

that we have an orthorhombic MAPbI3 perovskite structure, since the XRD and GIWAXS 

predominant peaks cannot unequivocally be detected or indexed. Instead, we can be certain 

that we have a secondary phase that fits an orthorhombic phase with a Pnma space group. 

Figure 4-7 shows a schematic of the effect of the MAI source temperature on the 

crystallinity of the deposited film. 
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Figure 4-7. Macroscale schematic of the crystallographic dependence of the MAI 
evaporation rate on the evaporated perovskite layer. 

4.4  The effect of secondary phases and stoichiometry on the solar cells 

performance   

To understand the impact of crystallographic and compositional changes on the 

performances of complete devices, we fabricated solar cells in flat n-i-p architecture using 

c-TiO2 deposited by spray pyrolysis as electron transport layer and spiro-OMeTAD as hole 

transport material. Figure 4-8 shows the performance parameters of devices made using 

MAI source temperatures from 140 °C to 170 °C to deposit the perovskite layer. We obtain 

a maximum PCE of 12.13% using 165 °C as MAI source temperature, as opposed to a 

maximum PCE of 8.09% on reference devices with MAPbI3 deposited via solution in the 

same architecture. We note that the limited PCE is to be attributed to not having a 

mesoporous TiO2 layer in the devices (Figure A-17) and not to a low quality of the 

deposited perovskite. This layer is necessary to improve the electron charge transport and 

to reduce recombination at the ETL/PVK interface. Similar PCEs obtained with the two 

different deposition methods on the same architecture thus hint for similar optoelectronic 

properties of the processed MAPbI3 films. A further improvement in efficiency might be 
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pursued by optimizing a different planar electron selective layer. SnO2 and C60 has exhibit 

promising results in flat architectures devices compared to c-TiO2, which has an energetic 

mismatch with some perovskite compositions97. However, this is beyond the scope of the 

present work.  

 

Figure 4-8. Device performance of devices varying temperature of MAI source and including 
a solution-processed device of reference. A) Short-circuit current. B) Open circuit voltage. 

C) Fill factor. D) Power conversion efficiency 

The performances of the devices reflect the changes in the crystallinity of the 

perovskite layer. Figure 4-8A shows that lower MAI temperature exhibits lower short 

circuit current density (JSC). The absorption spectra in Figure 4-1 show that all films with 

temperature from 140 °C to 155 °C absorb the same light, and the film with 165 °C, which 

indeed produce the highest current, has lower absorption. For this reason, it suggests that a 

lower current in the devices is related to the presence of a secondary phase in the film when 
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low MAI evaporation rates are used, which can limit the transport of charges in the 

perovskite films and favor recombination before extraction. A comparison of samples at 

145 °C and 150 °C reinforces this premise. XRF shows nearly identical stoichiometry, but 

both JSC and FF increase as the secondary phase peaks in XRD and GIWAXS decrease. 

Grain boundaries can also contribute to charge transport losses. Figure 4-3 shows that the 

average grain size increases with the temperature of MAI. However, we do not expect 

changes in the performance of the devices due to changes in the grain size as grain 

boundaries have a minimal impact in the performance, as shown in the literature 98. 

Figure 4-8B shows that the VOC is affected. Higher evaporation rates of MAI 

produce devices with lower VOC. From the time resolved photoluminescence (TrPL) and 

steady-state PL data (Figure 4-9), we expected to see the highest VOC in the sample with a 

MAI temperature of 165 °C. However, XRD and XRF showed that, at this temperature, the 

film contains small quantities of LDP. LDP can form traps that enhance recombination in 

the film and has been associated with induced strain in the lattice of the material upon 

illumination (photostriction). Photostriction has been shown to enhance degradation due to 

penetration of water at a higher speed, and thus lower the performance of the solar cell81.  
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Figure 4-9. Photoluminescence measurements. A) Steady state photoluminescence. B). 
Photoluminescence decay. 

 

4.5  Conclusions 

In this work, we found that evaporation rate of MAI, controlled by varying the 

temperature of the MAI source, influences not only the stoichiometry of thermally 

evaporated perovskite films, but it also determines the crystalline properties of the film. 

We showed that a lower temperature of the MAI source (less than 155 °C) combined with 

a PbI2 deposition rate of 0.2 Å/s induces the formation of a secondary phase, possibly with 

a Pnma space group, in addition to the MAPbI3 tetragonal structure. Increasing the MAI 

source temperature to 165 °C increases the purity of the deposited MAPbI3 film, which fits 

into the tetragonal structure as shown by Le Bail refinement. Nonetheless, increasing the 

MAI source temperature also plays a role in the formation of low dimensional phases, 

which can be seen in both XRF maps and XRD patterns for 165 °C and 170 °C. These 

changes in the purity of the films are reflected in the performance of the fabricated devices. 

Overall, we associate the presence of the secondary phase to charge transport losses that 

influence the JSC of the devices, and the presence of LDP to recombination that lowers the 
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VOC. This work provides a path forward to the deposition of MAPbI3 by thermal 

evaporation, where an interplay between PbI2 and MAI deposition rates is crucial to the 

properties of the materials. 
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CHAPTER 5 UNDERSTANDING AND DESIGNING THE 

GROWTH OF ALPHA -FAPBI3 BY THERMAL EVAPORATION  

Thermal evaporation of organic-inorganic hybrid materials suffers from lack of 

control of composition and stoichiometry due to low sticking factor of organic cations to 

QCMs99,100 and by their thermal degradation101,102, which leads to the formation of 

secondary phases103. In this context, FAI has demonstrated better deposition control than 

the widely studied MAI, as FAI exhibits higher sticking factors to the QCMs and better 

thermal stability. Furthermore, the main FAI byproducts in the evaporation process, 

hydrogen cyanide and sym-triazine, do not incorporate into the deposited materials104ï106. 

Among different HOIP compositions, FAPbI3 is also the most promising for solar 

cell applications. Its cubic structure (Ŭ-FAPbI3) offers an optimum bandgap of 1.48 eV, 

close to the Shockley-Queisser optimum for single junction solar cells. However, a 

hexagonal non-perovskite phase (commonly referred to as ŭ-FAPbI3 or 2H) has been 

shown to be the most stable phase at room temperature, which impedes the use of pure 

FAPbI3 as the absorber layer in PSCs107,108. Nonetheless, studies have shown that once the 

Ŭ-FAPbI3 perovskite is formed at high temperatures, it is stable at room temperature in an 

inert environment109. Strategies to improve the stability of the Ŭ-FAPbI3 at ambient 

conditions include alloying with smaller cations such as Cs+ and MA+110ï114, surface 

engineering115, and additives that stabilize the structure by steric hindrance116. 

Although alloying FAPbI3 with Cs+ and MA+ is an effective way to help the 

formation of cubic perovskites, both by solution and evaporation. It has been widely 
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studied that MA+ causes major stability issues in solar cells, mainly due to the 

fragmentation of the molecule into H, CH2, CH3, CH4, NH2, NH3, and CH3NH2
117. 

Moreover, hydrogen migration has also been linked to the formation of defects that affect 

the device performance. Likewise, Cs+ can also easily migrate and segregate forming 

CsPbI3 non-perovskite phases118. 

Surface engineering has been successfully applied to stabilize the cubic phase in 

the deposition of FAPbI3 by spin coating. For example, the deposition of a solution-

containing long-chain alkyl or aromatic ammonium cations such as octylammonium (OA+) 

and PEA+ has been shown to greatly improve the stability of the alpha phase in a pure 

FAPbI3. Methylammonium thiocyanate (MASCN) allows a complete conversion to Ŭ-

FAPbI3. Notably, their model of the process shows that MASCN vapor only interacts with 

the top surface of the film, destabilizing the face sharing structure of the delta phase and 

triggering a reaction that propagates through the film119. 

Previous research on thermal evaporation of HOIPs has shown that the substrate 

interface plays a crucial role in the growth mechanism of the HOIP layer. Studies on 

MAPbI3 show that layer thickness is dependent on substrate chemistry, which is generally 

ascribed to the weak interactions of MAI to the substrate interface, which promotes the 

formation of an isolating PbI2 layer 120. Likewise, Roß et al121. showed that the Ŭ-FAPbI3 

grows at room temperature when having an excess of FAI and the functionalization of 

substrates with MeO-2PACz. However, no mechanism has been proposed to understand 

the role of these chemistries in the formation of the Ŭ-FAPbI3 phase. In addition, these 

chemical changes in the evaporation process and on the substrates led to low PCEs in solar 
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cells, and it was only circumvented by the addition of methylammonium chloride (MACl) 

to the composition.121  

In this study, we investigate the role of surface chemistry via surface 

functionalization on the phase purity and composition of the co-evaporated Ŭ-FAPbI3. To 

understand the growth mechanisms of the cubic HOIP phase, we selected a range of 

phosphonic acids with different ligands that can interact with one another in varying 

degrees, and these were deposited on FTO substrates before the HOIP deposition. The 

modified substrates were subsequently integrated into the thermal evaporation process, 

leading to the formation of pure Ŭ- FAPbI3 films growth at room temperature. To unravel 

the role of substrate surface capping in stabilizing the cubic phase, we performed DFT 

calculations of the FTO substrate, adsorbed phosphonic acid molecules, and thin grown 

films of Ŭ and ŭ phase FAPbI3.  We further calculated and analyzed the molecular surface 

binding energies (BE) to analyze the substrate functionalization before the deposition as 

well as the ligand-ligand bond dissociation that leads to the ligand migration toward the 

perovskite layer. These calculations enabled us to develop a model that relates the growth 

energy (Eg) to the grown thickness (h) for each phase and unravels how the energetics of 

capping the perovskite by different phosphonic acid ligands can foster the growth of cubic 

FAPbI3.   Our XPS measurements suggest that the formation of undesired phases on 

substrates without functionalization is potentially linked to a deficiency of FA+ within the 

layer. However, the addition of phosphonic acids to the substrate increases the sorption 

rate of the organic cation and lowers the interfacial growth energy of the Ŭ phase, creating 

an environment that facilitates the formation of pristine cubic-phase films. A key discovery 

is the role of phosphonic acid molecule migration through the perovskite layer, which is 
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possible due to the lower BE between the phosphonate (PA) group and aliphatic ligands 

such as the case of PPAc. This phenomenon leads to a consistent increase in FAI sorption 

rate throughout the entire evaporation process, favoring the growth of cubic-phase films. 

On the hand, the use of phosphonic acid molecules with strong interactions with one 

another, such as the case of 3PPAc, leads to the formation of hexagonal phases as the 

molecule cannot migrate due to the formation of hydrogen bonds between the phosphonic 

acid and the carboxyl group.  

5.1  Thermal co-evaporation of FAPbI3 on pristine substrates 

In this study, the deposition process of FAPbI3 was investigated using a co-

evaporation method involving PbI2 and FAI as shown in Figure 5-1a. The experimental 

setup consisted of three QCMs, denoted as QCM 1, QCM 2, and QCM 3 in Figure 1a. 

These QCMs were utilized to monitor the total thickness of the deposited layer, control the 

evaporation rate of PbI2, and control the evaporation rate of FAI, respectively. To ensure 

the appropriate ratio between the deposition rates of PbI2 and FAI, the QCMs were 

calibrated as indicated in the experimental section. The resulting film exhibited a light 

brown color, indicating the formation of the FAPbI3 compound (Figure 5-1e). Figure B-1 

shows the XRD pattern of films deposited on FTO, revealing the presence of the hexagonal 

2H FAPbI3 polytype, as evidenced by the characteristic peak of the (100) plane at 2ɗ = 

11.65Á. Additionally, a small amount of the cubic phase, Ŭ-FAPbI3, was detected with a 

peak observed at 2ɗ = 13.9Á. However, the XRD peak at 2ɗ = 12.5Á exhibited the highest 

intensity, suggesting that another non-perovskite phase constitutes the majority of the film. 

This peak could potentially be associated with either PbI2 or other hexagonal polytypes, 

such as 4H and 6H. However, precise phase identification is difficult in polycrystalline thin 
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films due to the overlap of the peaks between all the phases and the low signal of the peaks 

at higher angles. Figure B-2 shows the 2D GIWAXS images of films deposited on FTO, 

and Figure 1b shows the circular integration of the pattern. The GIWAXS data shows 

higher intensity in the characteristic peaks of the 2H phase, but similar to the XRD data, 

peaks that can be indexed to either PbI2, 4H or 6H phases are also present as indicated the 

asterisk symbols. Nonetheless, it is worth noting that the peak at q=1.63 Å-1 ((200) for 4H 

or 6H) and q=1.73 Å-1 ((202) for 6H) are exclusive to the 4H and 6H phases, thus 

suggesting the film contains these phases.  

To rule out the presence of PbI2 in the films, we performed cathodoluminescence 

(CL) spectroscopy. CL detects the radiation emitted by the sample that is generated upon 

the excitation with an electron beam. This technique is useful to detect and map distinct 

phases in the sample, as the wavelength of the radiation depends on the bandgap of the 

material. The FAI-PbI2 co-evaporated samples showed homogeneous distribution of the 

CL as shown in Figure B-3. The point spectra area shows a small peak with a wavelength 

emission at 505 nm, which matches the emission of PbI2. However, a broad and prominent 

peak is observed at a wavelength emission of 790 nm, close to the emission peak of Ŭ-

FAPbI3 (Figure 5-1c). This observation supports the interpretation that the XRD peak at 2ɗ 

= 12.5° corresponds to hexagonal polytypes of FAPbI3 such as the 4H and 6H rather than 

residual PbI2, since these polytypes have localized layers of corner-sharing octahedral as a 

result of stacking faults, which are similar in nature to the Ŭ-FAPbI3 phase. Thus, we expect 

the emission from the 4H and 6H polytypes to be very close to that of the Ŭ-FAPbI3. In 

addition, the blue shift of the emission peak is consistent with theoretical predictions of the 

bandgap of ApbI3 polytypes with high fractions of vertex-connected octahedra122. 
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A common approach for converting hexagonal FAPbI3 films into the Ŭ-FAPbI3 

phase is employing thermal annealing at 150 °C which is a temperature at which the cubic 

phase is thermodynamically more stable compared to its hexagonal counterparts. However, 

this strategy does not work as effectively for evaporated samples that lack the interaction 

with solvents that facilitates the formation of the cubic phase by the formation of 

intermediates. Figure 5-1d presents the evolution of the circular integration of the 

GIWAXS patterns as function of the annealing time, and Figure B-4 presents the evolution 

of the XRD pattern over time during an annealing process at 150°C. Notably, we observed 

a decrease in the intensity of the peak at q=0.84 Å-1 (2ɗ = 11.65Á), but a further increase in 

the intensity of the peaks at q=0.91 Å-1 (2ɗ = 12.5Á) and q=0.99 ¡-1 (2ɗ = 13.9Á), indicating 

phase transformation of the 2H into mixture of  4H, 6H and Ŭ-FAPbI3 phases, with the 4H 

and 6H phase exhibiting the highest intensity. These findings are further supported by UV-

VIS spectroscopy in Figure B-5, which shows an increase in intensity of the absorption 

shoulders at 500 nm and 560 nm, typically related to the formation of 4H and 6H 

polytypes123, while the absorption at 800 nm was absent, ruling out a significant content of 

Ŭ-FAPbI3. 
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Figure 5-1. The growth of hexagonal phases on FTO. A) Schematic of the evaporation 
process. B) Circular integration of GIWAXS pattern of as-deposited FAPbI3 film. * indicates 
the position of XRD peaks incompatible with the 2H phase, and suggests the presence of 

other hexagonal polytypes. C) Cathodoluminescence spectrum of the as-deposited FAPbI3 
film. D) Evolution of the circular integration of GIWAXS patterns FAPbI3 films with the 

annealing time at 150 °C.  

5.2  Thermal co-evaporation of FAPbI3 on functionalized substrates 

To promote the growth of the cubic phase without the need for post-annealing steps, 

we utilized a surface functionalization technique employing phosphonic acids as shown in 

Figure 5-2a. Figure 5-2b compares the UV-VIS absorption spectra of FAPbI3 films 

fabricated on bare FTO and PPAc-functionalized FTO substrates. We observed that the 
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films deposited on PPAc-functionalized substrates exhibited a characteristic absorption 

edge at around 800nm, corresponding to the absorption of Ŭ-FAPbI3 phase. Likewise, the 

CL spectra in Figure 5-2c and Figure B-6 show a narrower emission peak at 800nm as 

expected from a phase pure film. XRD analysis (Figure 5-2d) revealed the presence of the 

characteristic peak of the cubic phase at 2ɗ = 13.95Á, indicating the successful formation 

of the desired crystal structure and the absence of any hexagonal polytypes. Furthermore, 

SEM images displayed the formation of larger grains, indicating improved crystallinity and 

grain growth in the films on the PPAc functionalized substrate, as shown in Figure 5-2e. 

 

Figure 5-2Ȣ 4ÈÅ ÇÒÏ×ÔÈ ÏÆ ɻ-FAPbI3 on substrates functionalized with a 3mM PPAc solution. 
A) Schematics of the substrate functionalization with phosphonic acids. Comparison of B) 
the UV-VIS absorption spectra, C) Cathodoluminescence spectra, and C) XRD patterns of 

FAPbI3 films on substrates with and without PPAc functionalization.  

 In order to explore the impact of different ligands on the surface chemistry and 

crystal structure of FAPbI3 films, we investigated the effectiveness of various phosphonic 

acids. Figure B-7 shows the XRD patterns of these films. Notably, our findings 

demonstrated that phosphonic acids with smaller and less electronegative elements, such 
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as PPAc and EPAc, were particularly effective in promoting the growth of cubic films, 

resulting in films with higher purity of the cubic structure. In contrast, molecules with 

bulkier and more electronegative elements, such as halogens, oxygen, and benzyl rings, 

exhibited reduced effectiveness in obtaining a film containing Ŭ-FAPbI3. Specifically, the 

use of 3BrPPAc led to a mixture of cubic and hexagonal phases, while 3PPAc resulted in 

films comprising only hexagonal phases. These results demonstrate the importance of 

specific phosphonic acid ligands in facilitating the desired crystal structure in FAPbI3 films.  

To isolate the effect of the ligand from the PA group in the formation of the Ŭ-

FAPbI3 phase, we performed an ethanol wash of the substrate before the evaporation to 

remove unbound molecules. This step consisted of dynamically dropping 80 ɛL of ethanol 

onto the substrate in a spin coater at 3000 rpm. This procedure ensured the complete 

removal of residual phosphosnic acid molecules that could interact with the perovskite 

layer with random orientations, thus exposing only the R-ligand on the surface while the 

PA group remains linked to the substrate. Figure 5-3a compares the area of the Br 3d XPS 

peak measured on substrates functionalized with varying the concentration of the 3BrPPAc 

solution and ethanol wash. The results show that the wash does not remove all 

functionalization, but it likely leaves a monolayer of phosphonic acid bounded to the 

substrate as the Br 3d peak area remains constant after the ethanol wash of substrates 

functionalized with concentration higher than 5 mM. Interestingly, our findings revealed 

that after performing the ethanol wash, none of the tested molecules stabilize the Ŭ-FAPbI3 

phase. In all cases, we grow thin films with a mixture of only hexagonal phases, identical 

to when no phosphonic acid treatment was performed as shown in Figure 5-3b and Figure 

5-3c. This suggests that a single monolayer of phosphonic acid is inadequate for the growth 
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of Ŭ-FAPbI3, indicating that the interaction between the R-ligand and the perovskite at the 

substrate interface is not the mechanism responsible for the formation of cubic phase.  

 

Figure 5-3. Effect of concentration of phosphonic acid solution and ethanol wash on the 
phase purity. A) XPS Br 3d peak area of 3BrPPAc functionalized substrates with and without 

ethanol wash. B) Comparison of XRD patterns of films deposited on PPAc functionalized 
substrates with and without ethanol wash. C) Pictures of FAPbI3 films deposited on 

substrates functionalized with varying concentration and phosphonic acids. D) Thickness 
measured with profilometry of FAPbI3 films deposited on substrates functionalized with 

varying concentration and phosphonic acids. 

Different concentrations of phosphonic acid solutions were tested for substrate 

functionalization, and it was observed that higher concentrations increased the content of 

the cubic phase as it can be observed in the color of the films in Figure 5-3c. When 

substrates were functionalized with a 1 mM solution of 3BrPPAc, XRD data shows that 

the film is comprised solely of hexagonal phases. However, as the concentration of 
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phosphonic acid increased, the content of the cubic phase also increased, achieving a peak 

intensity ratio of the cubic to the hexagonal (Ŭ:H) of 2.8:1 with a concentration of 10 mM 

(Figure B-8). Similar trends were observed for all the phosphonic acids tested as can be 

seen in the XRD patterns in Figure B-9 and Figure B-10. Lower concentrations led to the 

formation of predominantly hexagonal phases, whereas higher concentrations resulted in 

the promotion of the cubic phase. These findings highlight the important role of the excess 

of phosphonic acid molecules on the substrate in facilitating the growth of cubic FAPbI3. 

The higher concentrations likely provide a greater number of phosphonic acid molecules 

available for interaction with the perovskite, promoting the formation and stabilization of 

the desired cubic structure.  

We measured the thickness of FAPbI3 films deposited on functionalized substrates 

with different concentration, and we observed that the thickness of the film was also 

affected by the functionalization. Figure 5-3d shows the thickness of FAPbI3 films 

deposited on substrates functionalized with different phosphonic acids and concentrations. 

We found a correlation between thickness and phase purity. In the cases that the film had 

only hexagonal phases (i.e. films deposited on bare FTO or ethanol washed functionalized 

samples), the real thickness of the layer was the same as predicted by the QCM. However, 

the real thickness of films increased as the content of Ŭ-FAPbI3 increased until reaching 

almost twice the nominal thickness when obtaining a pure Ŭ-FAPbI3 film. Furthermore, in 

the case of functionalization with PPAc, at higher concentrations, we also observed in the 

XRD the formation of unknown lower dimensional phases (Figure B-10), which are 

accompanied by a further increase of the thickness of the layer. It is worth noting that all 

the samples were deposited on the same evaporation run, and the large change in thickness 
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cannot be only explained by the difference in density between the different crystalline 

structures. This suggests that the stoichiometry of the film and sticking coefficient of the 

precursor materials are affected by the functionalization.  

By analyzing the XPS data on these films, we found that even though the ratio I:Pb 

is around 3:1 in films deposited on bare FTO, as expected in a FAPbI3 film, the N/Pb ratio 

is significantly below 2:1 (Figure 5-4a and Figure 5-4b). This finding suggests that films 

deposited on bare FTO have a deficiency of FA+ cations. We speculate that this deficiency 

is responsible for the formation of the observed hexagonal phases. On the other hand, as 

the concentration of PPAc increased, the ratio of N/Pb also increased, achieving a value 

close to 2:1 when observing films with 100% purity of the cubic phase, and going over 

when the films also contain lower dimensional phases. For instance, the growth mechanism 

of the cubic phase is modulated by the stoichiometry of the films. A large excess of FAI, 

expected in films deposited on substrates functionalized with higher concentrations of 

PPAc, will cause the formation of lower dimensional phases as has been previously 

observed in MAPbI3 perovskites103. Moreover, the hygroscopic nature of FAI124 favors the 

sorption of water when the film is exposed to the environment, as shown in O 1s XPS scan 

in Figure 5-4d, which contributes to the formation of other secondary phases. Hydrated 

FAPbI3 phases have been demonstrated elsewhere125ï128. It is worth noting that the XPS 

N1s scan shows the presence of a C-N bond peak in the films on substrates that were 

functionalized in addition to the C=N bond peak from the resonant bond in FA+ expected 

in FAPbI3 films (Figure 5-4d). It is still unclear if this C-N bond should be attributed to the 

incorporation of FAI byproducts with C-N bonds or if the presence of the phosphonic acids 
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in the film locks the N=C-N bond of FA+. Either of these could help contribute to the 

stabilized cubic phase presented here.  

 

Figure 5-4. XPS analysis of FAPbI3 films deposited on substrates functionalized with varying 
concentration of PPAc. A) I/Pb elemental ratio. B) N/Pb elemental ratio. C) N1s scan. D) O1s 

scan. 

To interpret the experimental finding on the interaction of phosphonic acid 

molecules and FAPbI3, we collaborated with Dr. Farzaneh Jahanbakhshi and Dr. Andrew 

Rappe to perform first-principles studies to unravel the role of the surface capping in 

enhancing cubic phase stability. We studied two molecules with different R-ligand that 

showed opposing results, PPAc that allowed the formation of pure Ŭ-FAPbI3, and 3PPAc 

that leads to the formation of only hexagonal phases. We examined capping modes 

involving the phosphonate group (PA), methyl group (CH3 of PPAc) and carboxyl group 

(COOH of 3PPAc), capping both FAI- and PbI2-terminated surfaces of the slabs. Figure 
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B-13 and Figure B-14 show the Eg for the 2H and cubic phases as a function of the grown 

thickness for FAI-terminated and PbI2-terminated FAPbI3.  The calculations suggest that 

the PA and carboxyl groups in these molecules interact with the Pb from FAPbI3 forming 

a Pb-O covalent bonds at the interface that lowers the Ecap of Ŭ-FAPbI3, making films of 

several nanometers of Ŭ-FAPbI3 more stable before it reaches certain thickness where the 

bulk Eform becomes large enough to make Eg of a no longer thermodynamically favorable.  

On the contrary, aliphatic chains exhibit weaker interaction with Pb from FAPbI3, 

and consequently, PPAc has a lesser effect on Ecap, which translate into considerably higher 

growth energy of the cubic phase if the PA group is not oriented towards the perovskite 

layer. Table 5-1 summarizes the calculated parameters of the different scenarios. These 

findings suggest that all phosphonic acids have the potential to stabilize the cubic structure 

at the interface when unbound molecules are present, and the PA group can interact with 

the perovskite layer. Moreover, molecules containing ligands with functional groups that 

can coordinate or form covalent bonds with Pb, such as the carboxyl group, will potentially 

perform better to induce the formation of Ŭ-FAPbI3 due to their less orientation-dependent 

reduction of the growth energy of the cubic phase (i.e. Ecap=-2.61 eV/s.f.u/Å2 via COOH 

in comparison with Ecap=-1.37 eV/s.f.u/Å2 via CH3 in PbI2 terminated slabs as seen in Table 

5-1). However, experimental observations deviate from these theoretical predictions. For 

instance, functionalization with molecules like 3PPAc did not yield cubic FAPbI3 films. 

This discrepancy suggests that the mechanism by which phosphonic acids promote the 

growth of cubic FAPbI3 extends beyond the interface between the perovskite and the 

substrate.  
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Table 5-1. The FAPbI3 formation, separation, and capping energy corresponding to FAI-and 
PbI2-terminated slab models of ɻ- and ɿ-FAPbI3. 

Capping Ligand  PPAc-capped 3PPAc-capped 

Mode 

Grown Phase 

via PA 

a, ‏  

via CH3 

a, ‏  

via PA 

a, ‏  

via COOH 

a, ‏  

PbI2 termination  

Eform (meV/Å3) 1.34, 0.39 1.34, 0.39 1.34, 0.39 1.34, 0.39 

Esep (meV/Å2) 2.21, 39.18 2.21, 39.18 2.21, 39.18 2.21, 39.18 

Ecap (meV/Å2) -36.98, -13.02 -13.74, -4.41 -36.37, -11.90 -26.11, -7.20 

FAI termination  

Eform (meV/Å3) 1.34, 0.39 1.34, 0.39 1.34, 0.39 1.34, 0.39 

Esep (meV/Å2) 2.21, 39.18 2.21, 39.18 2.21, 39.18 2.21, 39.18 

Ecap (meV/Å2) -34.40, -11.08 -19.74, -5.00 -32.33, -10.69 -22.59, -8.97 

5.3  QCM measurements of the sorption rate of FAI 

To understand the effect of the phosphonic acid on the stoichiometry of the films, 

we evaporated FAI while tracking the sorption rate to a PPAc functionalized QCM. The 

evaporation rate was kept constant between experiments by using a QCM without 

functionalization near the FAI source as shown in Figure 5-5a to Figure 5-5c. We observed 

that the functionalization with the 3 mM PPAc solution caused an increase of more than 

50% in the mass flux detected with the QCM near the substrate (QCM 2). Furthermore, the 

functionalized QCM outside of the evaporation cone (QCM 3) also registered a significant 

mass flux of about 30% of the flux at the QCM without functionalization near the FAI 

source (QCM 1). These results confirm that the functionalization with phosphonic acid 
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determines the stoichiometry of the final film by enhancing the sorption rate of FAI to the 

substrate. Nonetheless, the mass flux detected on the functionalized QCM outside of the 

evaporation cone might be also related to the sorption of byproducts of the FAI 

evaporation. 

 

Figure 5-5. FAI deposition rates on QCMs. A) Schematic of experiment. B) QCMs without 
functionalization. C) QCMs with PPAc functionalization. D) XPS P2p scan of QCMs with and 

without PPAc functionalization after deposition. 

It is important to note that the increase in mass flux from FAI evaporation detected 

with the functionalized QCM not only occurs at the beginning of the evaporation but 

continues throughout the entire process. XPS analysis of the 200 nm of FAI film on 

functionalized QCMs (Figure 5-5d), revealed the presence of the PA group on the surface. 

We hypothesize that migration of the phosphonic acids from the substrate to the surface of 

the evaporated films is enabling an increased sorption rate of FAI through strong 
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interactions between the 2 sets of molecules. Figure B-15 shows a comparison of the P 2p 

peak of FAI films deposited on gold-plated silicon substrates treated with different 

functional groups in the R-ligand of the phosphonic acid. We observed a correlation 

between the peak area and the phase purity of the films. Molecules that are less effective 

in growing Ŭ-FAPbI3 exhibited a lower concentration of the PA group on the surface of the 

FAI layer. These results suggest that the functional groups of the R-ligand influence the 

migration of the molecules to the surface, thus affecting the sorption rate of FAI to the 

substrate. In turn, the FAI absorption efficacy may lead to the formation of stoichiometric 

perovskites and to the formation of Ŭ-FAPbI3. Moreover, these findings explain why 

performing an ethanol wash of the functionalized substrate (which removes excess 

molecules) results in obtaining only hexagonal phases, as the monolayer of phosphonic 

acid bound to the substrate is buried under the material deposited on top. 
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Figure 5-6. Ball and stick models of the bilayer of PA molecules functionalizing the FTO 
surface. A) FTO-PPAc-PPAc binding modes. B) FTO-3PPAc-3PPAc binding modes. For 

clarity, only the top layer of FTO is shown. 

To theoretically examine the observed migration of the phosphonic acid molecules, 

we collaborated with Dr. Farzaneh Jahanbakhshi and Dr. Andrew Rappe to perform DFT 

calculation on a bilayer arrangement of PPAc and 3PPAc. Our models, depicted in Figure 

5-6, encompass all the major modes of binding for which we calculated the BE according 

to Equation 3-6 reported in Table 5-2. We found that for 3PPAc, the PA-COOH-COOH-

PA and the PA-COOH-PA-COOH modes form double H-bonds between their carboxyl 

groups and the PA groups, explaining the large BEs. On the other hand, PPAc exhibits only 

weak interactions between the two layers of PPAc as the PA group is favorably attached to 

the FTO (seen in Table B-1), and the PA-CH3-CH3-PA and PA-CH3-PA-CH3 modes cannot 

form any H-bonds. These results emphasize the importance of the R-ligand in the 

phosphonic acid molecule and shed light on why molecules with aliphatic ligands such as 

PPAc and EPAc were more effective for the growth of Ŭ-FAPbI3, as weak interactions 

allow them to migrate through the film. 
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Table 5-2. BE of the upper-layer ligand to the FTO-functionalizing monolayer corresponding 
to various ligand-ligand binding modes. BEs were calculated according to Equation 3-5 and 
the definitions of different substrate-ligand and ligand-ligand binding modes are given in 

the caption of Figure 6.   

Binding mode PA-CH3-CH3-PA PA-CH3-PA-CH3 CH3-PA-PA-CH3 CH3-PA-CH3-PA 

"% (eV) -0.34 -0.53 -1.60 -1.40 

Binding mode PA-COOH-COOH-PA PA-COOH-PA-COOH COOH-PA-PA-COOH COOH-PA-COOH-PA 

"% (eV) -1.02 -1.03 -2.70 -2.92 

5.4  Proposed mechanism for the formation of Ŭ-FAPbI 3 

The mechanism for the growth of Ŭ-FAPbI3 on substrates functionalized with 

phosphonic acids involves several steps. Initially, functionalizing the substrate with a 

phosphonic acid solution enables molecules to attach to the FTO substrate, forming P-O 

covalent bonds due to proton transfer from the PA group to the FTO. This results in the 

formation of a complete monolayer of phosphonic acid on the substrate. However, excess 

phosphonic acid molecules, depending on the R-ligand chemistry, exhibit random 

orientation and weak interactions such as in PPAc, providing an opportunity for the PA 

group to interact with FAPbI3 (Step 1 in Figure 5-7). This interaction is fundamental as it 

reduces the growth energy of the cubic phase, fostering a more favorable environment for 

the desired crystal lattice formation (Step 2 in Figure 5-7). Simultaneously, the presence of 

phosphonic acid on the substrate significantly increases the sorption rate of FAI on the 

surface. This enhanced sorption rate, facilitated by the interaction between the PA group 

and FAPbI3, is believed to be important for the growth of the cubic phase (Step 3 in Figure 

5-7). Furthermore, the weak interactions among phosphonic acid molecules allow free 
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molecules to migrate to the surface, further intensifying the sorption rate of FAI. This 

continuous enhancement of FAI sorption, facilitated by the presence of phosphonic acid, 

actively contributes to the establishment and stabilization of the cubic phase of FAPbI3 

(Step 4 in Figure 5-7). However, when the chemistry of the R-ligand generates strong 

bonds between phosphonic acid molecules, such as in the case of 3PPAc, it restricts the 

molecule migration, which in turn can hinder the growth of the pure Ŭ-phase of FAPbI3. 

 

Figure 5-7. Proposed mechanism for the growth of ɻ-FAPbI3 on phosphonic acid 
functionalized substrates. 

5.5  Conclusions 

Substrate functionalization with phosphonic acids was successfully implemented 

to induce the growth of metal halide perovskites by thermal evaporation at room 

temperature without the requirement of additional post-treatments, and the role of the 

substrate functionalization on the phase purity and composition of the perovskite layer was 

investigated. The PA group in the molecules was found to be critical for the formation of 

cubic perovskites as it contributes to the decrease of the growth energy of the cubic phase. 

However, our results proved that the main mechanism for the growth of the cubic phase is 

not limited to the substrate interface and unbound molecules are needed to form the cubic 

phase. Phosphonic acid molecules increase the sorption rate of the organic precursor on the 
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substrate, which is possible due to the migration of these molecules to the surface as shown 

with XPS. DFT calculations showed the PA group is vital for stabilizing Ŭ phase relative 

to hexagonal delta phase, and that the that R-ligand of the phosphonic acid plays an 

important role in the migration of these molecules, explaining why molecules with more 

electronegative ligands were not effective for the growth of the cubic phase.  
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CHAPTER 6 CONCLUSION AND OUTLOOK  

This dissertation sheds light on the growth mechanism of HOIPs via evaporation to 

control the morphology, phase purity and stoichiometry of thin films that can be used for 

the fabrication of PSCs. Chapter 4 studies the phase purity of MAPbI3, showing that MAI 

evaporation rate plays a key role in the stoichiometry of the film and formation of 

secondary phases. GIWAXS and XRD measurements were used to demonstrate the 

formation of a secondary orthorhombic phase at MAI source temperatures below 155 °C, 

whereas higher temperatures were found to bring the film toward a phase-pure tetragonal 

structure. However, higher temperatures also induce the formation of low dimensional 

secondary phases due to the large excess of MAI incorporated into the film. Therefore, the 

fabrication of phase-pure tetragonal films requires a careful optimization of the MAI 

evaporation rate. 

Chapter 4 also correlates the presence of secondary phases with the performance of 

PSCs, identifying one of the main roadblocks to obtain high-performing devices via vapor 

deposition. The presence of the orthorhombic phase was demonstrated to be detrimental 

for the transport of charges in the solar cell, significantly reducing the JSC. On the other 

hand, low-dimensional secondary phases have a negative impact on the VOC, which in turn, 

also reduces the PCE of the devices. Control of the phases during perovskite evaporation 

is therefore crucial to obtain high-performance solar cells. 

MAPbI3 based PSCs present several challenges to obtaining high PCEs via thermal 

evaporation. The MAI volatility and poor sticking factor at ambient temperatures 

complicate measuring the deposition rate of this organic salt with QCMs. Moreover, the 
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sticking coefficient of MAI is greatly influenced by the surface chemistry, making it even 

more complicated to determine the content of MAI incorporated in the film. This 

dissertation shows evidence of non-straightforward relationships between the MAI 

evaporation rate and stoichiometry of the film, which translates into difficulties controlling 

the process accurately, and makes MAPbI3 is susceptible to contain secondary phases that 

are detrimental to the solar cell performance. 

Chapter 5 suggests the use of FAPbI3 as an alternative for the fabrication of high-

performance solar cells due to its inherent better process control. Unlike MAI, FAI 

evaporation rate can be easily measured with QCMs. Moreover, FAPbI3 has an optimal 

bandgap for single junction solar cells. However, thermal evaporation of FAPbI3 leads to 

the formation of hexagonal phases that are difficult to convert into cubic perovskite. This 

chapter demonstrates the formation of films deposited on bare-FTO containing a mixture 

of hexagonal phases, including the 4H and 6H polytypes that are rarely seen in thin films 

deposited by solution processes. Furthermore, it links the formation of these polytypes with 

sub-stoichiometric N/Pb ratios, suggesting that, even though the evaporation rate of FAI 

can be reproducibly measured with a QCM, the stoichiometry of the film is difficult to 

control, and I and organic cations such as FA+ incorporate in different ratios into the film. 

Chapter 5 provides a novel way to overcome the challenges in obtaining the desired 

cubic perovskite phase without the need for substrate heating or additional post-treatments. 

By utilizing phosphonic acids, this chapter demonstrates the formation of phase pure Ŭ-

FAPbI3 on substrates functionalized with PPAc and EPAc. The phosphonic acids were 

found to play an important role in increasing the FAI sorption rate into the film, which 

makes up for the initial deficiency of FA+ and contributes to a better environment for the 
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formation of the cubic phase. Likewise, DFT calculations show that phosphonic acids also 

contribute to the formation of the cubic perovskite by lowering the growth energy as 

consequence of the interaction of the PA group and FAPbI3, making it more favorable than 

the 2H phase. However, experimentally only some of the phosphonic acids form the 

perovskite structures, with most phosphonic acids leading to the formation of partial 

hexagonal phases.  

Chapter 5 shows that the R-ligand of the phosphonic acid molecules plays a crucial 

role in facilitating the migration of the phosphonic acid molecules, which is needed for a 

continuous increase in the sorption rate of the organic precursor throughout the evaporation 

process. However, as discussed in Appendix C, experiments on the co-evaporation of 

phosphonic acids and the perovskite precursors show that the R-ligand not only 

significantly influences the diffusivity, but it is also important in determining the energetics 

of the system and therefore, in determining the crystalline phase. Through this co-

evaporation process, the phosphonic acid molecules were forced within the bulk of the 

perovskite layer, including cases such as 3PPAc, which would typically remain confined 

to the bottom interface. GIWAXS measurements revealed that films containing PPAc 

showed a substantial amount of the cubic perovskite phase while films containing 3PPAc 

lacked the characteristic peak at q = 0. 99 Å-1 entirely. These results highlight that the R-

ligand of the phosphonic acid molecules also affects the energetics of the system and not 

only determines the diffusivity of the molecules. Even though 3PPAc was forced to be 

present in the bulk of the layer, molecules such PPAc provide a more favorable 

environment for the formation of the Ŭ-phase.  
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This dissertation has contributed to the understanding of the growth mechanisms of 

HOIPs. However, there are still challenges to overcome in order to close the gap between 

devices fabricated by the laboratory-scale solution processes and thermal evaporation. One 

of these challenges, which was repetitively encountered in this dissertation, is the control 

of the degradation of the organic precursor during the evaporation process and the 

incorporation of byproducts into the films. The use of residual gas analyzers allows us to 

monitor the presence of some of these byproducts inside the vacuum chamber, but it is still 

unclear whether they incorporate into the film and if the presence of secondary phases is 

directly related to them. Future work should focus on using advanced characterization 

techniques to determine and quantify the present of byproducts in the perovskite films and 

finding strategies to mitigate their impact. 
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APPENDIX A. SUPPORTING INFORMATION: FORMATION OF 

SECONDARY PHASES IN THERMAL EVAPORATED MAP bI3  

 

Figure A-1. UV-VIS spectra for evaporated films deposited with varying MAI source 
temperature and constant PbI2 deposition rate of 0.2 Å/s. 
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Figure A-2. XRF maps with 2µm step size/pixel of MAPbI3 co-evaporated films. Constant 
PbI2 deposition ratio of 0.2 Å/s and varying temperature. 

 

Figure A-3. XRF maps with 250 nm step size/pixel of MAPbI3 co-evaporated films. Constant 
PbI2 deposition ratio of 0.2 Å/s and varying temperature. 
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Figure A-4. XRF maps with 250 nm step size/pixel of MAPbI3 co-evaporated films. Constant 
PbI2 deposition ratio of 1.16 Å/s and varying temperature. 

 

Figure A-5. Suggested Pb:I ratio dependence on the PbI2 deposition rate and MAI source 
temperature. It shows the behavior obtained with three hypothetical PbI2 deposition rates. 
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The black-bordered points represent the minimum temperature at which a stoichiometric 
film may form. 

 

Figure A-6. XRD patterns of co-evaporated MAPbI3 deposited with varied MAI temperature 
and PbI2 deposition rate of 0.2 Å/s. 

 

Figure A-7. XRD patterns of co-evaporated MAPbI3 deposited with varied MAI temperature 
and PbI2 deposition rate of 1.0 Å/s. 
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Figure A-8. GIWAXS pattern of a film deposited using and MAI temperature of 140 °C 
showing the reference diffraction peaks for A) None. B) Cubic MAPbI3. C) Tetragonal 

MAPbI3. D) Orthorhombic MAPbI3. E) PbI2 F) MAI. Films deposited with PbI2 deposition rate 
of 0.2 Å/s. 

 

Figure A-9. GIWAXS pattern of a film deposited using and MAI temperature of 145 °C 
showing the reference diffraction peaks for A) None. B) Cubic MAPbI3. C) Tetragonal 
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MAPbI3. D) Orthorhombic MAPbI3. E) PbI2 F) MAI. Films deposited with PbI2 deposition rate 
of 0.2 Å/s. 

 

Figure A-10. GIWAXS pattern of a film deposited using and MAI temperature of 150 °C 
showing the reference diffraction peaks for A) None. B) Cubic MAPbI3. C) Tetragonal 

MAPbI3. D) Orthorhombic MAPbI3. E) PbI2 F) MAI. Films deposited with PbI2 deposition rate 
of 0.2 Å/s. 
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Figure A-11. GIWAXS pattern of a film deposited using and MAI temperature of 155 °C 
showing the reference diffraction peaks for A) None. B) Cubic MAPbI3. C) Tetragonal 

MAPbI3. D) Orthorhombic MAPbI3. E) PbI2 F) MAI. Films deposited with PbI2 deposition rate 
of 0.2 Å/s. 

 

Figure A-12. GIWAXS pattern of a film deposited using and MAI temperature of 165 °C 
showing the reference diffraction peaks for A) None. B) Cubic MAPbI3. C) Tetragonal 
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MAPbI3. D) Orthorhombic MAPbI3. E) PbI2 F) MAI. Films deposited with PbI2 deposition rate 
of 0.2 Å/s. 

 

Figure A-13. GIWAXS pattern of a film deposited using and MAI temperature of 170 °C 
showing the reference diffraction peaks for A) None. B) Cubic MAPbI3. C) Tetragonal 

MAPbI3. D) Orthorhombic MAPbI3. E) PbI2 F) MAI. Films deposited with PbI2 deposition rate 
of 0.2 Å/s. 
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Figure A-14. Results of Le Bail refinement of the XRD patterns of co-evaporated MAPbI3 

deposited with varied MAI temperature and PbI2 deposition rate of 0.2 Å/s. The error is the 
difference between experimental and calculated values for each space group. 

 

Figure A-15. Circular average of GIWAXS patterns of films at A) 140 °C. B) 145 °C. C) 150 °C. 
D) 155 C. E) 165 °C. F) 170 °C. Films deposited with PbI2 deposition rate of 0.2 Å/s. 
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Higher accumulation of the organic cation on the surface of perovskite films has 

been observed in studies on solution process129,130. Literature shows that FAI accumulates 

on the surface of the film, forming a layer of a few nanometers. However, this phenomenon 

has not been reported on evaporated films before. As opposed to the solution process, the 

mobility of the molecules in the film is rather low because the crystallization process 

happens at room temperature and entirely in the solid phase. We hypothesize that the 

accumulation of MAI in the surface of our films at 170 °C is related to condensation of 

MAI on the substrate during the cool down of the evaporator. PbI2 can no longer reach the 

substrate in this step since the source and substrate shutters prevent it, but the atmosphere 

of the chamber is still full of MAI because the source needs time to significantly decrease 

the temperature. This condensation of MAI might be the responsible of forming a layer of 

crystalline MAI on top of the films that already have excess of MAI in the bulk. This 

hypothesis is corroborated by our GIWAXS data in Figure A-15, where we show the 

diffraction patterns of different incident angles varying from 0.05° to 0.5° for samples 

processed at MAI 170 °C. The data shows that the surface of the film with 170 °C is 

composed of crystalline MAI, and no perovskite phase is visible. The diffraction peaks 

have the maximum relative intensity at an incident angle of 0.2°. For greater angles, the 

signal from the surface decreases, and the spectrum becomes dominated by the scattering 

in the amorphous bulk. These results agree with previous studies on co-evaporation of 

MAPbI3. Roß et al.131 found that when the deposition rate of MAI is high relative to the 

deposition rate of PbI2, the film grows completely amorphous, which is in line with our 

experimental findings, where the film deposited at the highest MAI source temperature 

demonstrates mainly amorphous characteristics.  
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Figure A-16. XPS of films deposited with varied MAI temperature A) Survey. B) I 3d5 edge. 
C) Pb 4f7 edge. D) N 1s edge. E) C 1s edge. Films deposited with PbI2 deposition rate of 0.2 

Å/s. 

Figure A-16 shows XPS measurement of the samples, and Table A-1 summarizes 

the calculated atomic ratios. As was expected, the XPS survey shows the presence of Pb, 

I, N, and C and rules out the possibility contaminants in the films. High-resolution spectra 

at binding energies between 525 eV and 545 eV shows that there is only a small content of 

O in the film. This small content of oxygen might be related to degradation of the 

perovskite from exposure to the environment, but it is negligible in our experiments. On 

the other hand, we observed two peaks in the high-resolution spectra around the C1s core 

level. The peak at 284.8 eV is related to surface contamination of the sample, whereas the 

peak at 286 eV is related to the methylammonium in the perovskite (CH3NH3PbI3) or pure 

MAI. This peak increases in intensity as the temperature of MAI increases, suggesting that 

higher MAI temperatures favor the accumulation of MAI on the surface of the film even 

though the overall stoichiometry of the film remains fairly constant. A similar behavior is 

observed in the I and N core levels.  
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Figure A-17.  Performance of devices made with perovskite layer deposited by spin coating 
using flat architecture (FTO/c-TiO2/PVK/Spiro OMe-TAD/Au) and mesoporous architecture 

(FTO/c-TiO2/mp -TiO2/PVK/Spiro OMe-TAD/Au. Triple cation = 
Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3. A) Short circuit current (JSC). B) Open circuit voltage 

(VOC). C) Fill factor (FF). D) Power conversion efficiency (PCE). 

Table A-1.  Atomic ratios from co-evaporated MAPbI3 film with varying MAI temperature. 

 MAPbI 3 140 °C 145 °C 150 °C 155 °C 165 °C 170 °C 

I/Pb 3 3.29 4.31 4.31 4.53 4.55 6.52 

N/Pb 1 0.47 1.39 1.40 1.63 1.77 3.39 
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APPENDIX B. SUPPORTING INFORMATION: UNDERSTANDING 

AND DESIGNING THE GROWTH OF ALPHA -FAPBI 3 BY 

THERMAL EVAPORATION  

 

Figure B-1. XRD pattern of as-deposited FAPbI3 film of bare FTO 
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Figure B-2. GIWAXS patterns of FAPbI3 films on bare FTO annealed at 150 °C by varying 
time. 

 

Figure B-3. CL-SEM intensity maps and point CL spectra of co-evaporated films on bare FTO. 
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Figure B-4. XRD patterns of FAPbI3 films on bare FTO annealed by varying time. 

 

Figure B-5. UV-VIS spectroscopy of FAPbI3 films on bare FTO annealed by varying time. 
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Figure B-6. CL-SEM intensity maps and point CL spectra of co-evaporated films on 3M PPAc 

 

Figure B-7. XRD patterns of FAPbI3 films on FTO functionalized with different functional 
groups on the R-ligand of the phosphonic acid and concentration of 5mM. 

 
























