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1.1 Photovoltaics of halide perovskites 

  

A solar cell is an electronic device that directly converts sunlight into electricity. 

Light shining on the solar cell produces both a current and a voltage to generate electric 

power. This process requires firstly, a material in which the absorption of light raises an 

electron to a higher energy state, and secondly, the movement of this higher energy electron 

from the solar cell into an external circuit. The electron then dissipates its energy in the 

external circuit and returns to the solar cell. A variety of materials and processes can 

potentially satisfy the requirements for photovoltaic (PV) energy conversion, but in practice, 

most photovoltaic energy conversion uses semiconductor materials in the form of a p-n 

junction. As we can see the basic solar cell working structure below in Figure 1.1.  

 

 

 

Figure 1.1. Solar cell working principle. 

 

 

As an active PV absorbing material, organic−inorganic lead halide perovskites have 

shown the most notable progress in the field of solar energy conversion. Their advantages 

for solar cell applications include high dielectric constant, direct bandgap, high absorption 

coefficient, small exciton binding energy, and high diffusion length on the order of one 

micrometer. In the decade since 2009, the power conversion efficiency (PCE) of perovskite 
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solar cells (PSCs) has rapidly increased to reach the latest record of 25.7% (UNIST, EPFL 

claim 25.7% efficiency world record for perovskite solar cell).1 

 

 

 

Figure 1.2. NREL chart of the highest confirmed conversion efficiencies for research cells 

for a range of photovoltaic technologies, plotted from 1976 to the present (reproduced with 

ref. 2 with permission). 

 

 

Not only the high performance but also the cost-effective solution-based processes 

used for device fabrication shows the huge potential of PSCs as the PV technology of the 

future. While solution-based synthesis of perovskite materials involves a lot of chemistry, 

crystallization engineering, and the optical and electrical characterization of solid-state 

crystals (semiconductors) have their backgrounds in physics.  

The versatile nature of perovskite photovoltaics requires the expertise in chemistry, 

physics, and optoelectronics; therefore, the research area has attracted a large community of 

researchers from all around the world. As a result, research progress in perovskite PV has 

been tremendous in the past couple of years (as we can also see in Figure 1.2).2 

Interestingly, together with the discoveries of their rare properties, perovskites have 

found many applications beyond PV, expanding into the areas of light-emitting diodes, 

photodetectors, X-ray detectors, memory devices, and so on. Being a ‘magic box’ of many 

unconventional properties, perovskites have also triggered fundamental studies on ion 
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migration, defect tolerance, carrier dynamics, etc. However, while some of the properties of 

perovskite are very valuable, others are creating issues with their practical implication of 

the new technology. For example, while the defect-tolerant nature of perovskites contributes 

to high efficiency, the ion migration phenomenon stands as a potential threat to stability. 

Efficiency and stability are two important factors for device fabrication and industrialization. 

Although there are currently challenges in the commercialization of PSCs, results emerging 

from both research laboratories and industries show prominent potential. The tremendous 

success of perovskite PV was quite unexpected and now it is important to have a discussion 

on their performance, their stability, industrialization, present challenges, and future 

prospects. 

1.2 History of perovskite photovoltaics 

  

The term “perovskite solar cell” is very familiar these days, but it was unknown in 

2005, when the research to explore PV applications of halide perovskites began in the 

Miyasaka laboratory at Toin University in Yokohama, Japan.3 At that time, “perovskite” 

generally meant metal oxides having perovskite structures, most of them being classified as 

either ferroelectric or piezoelectric materials. Normally, perovskite represents a crystal 

structure with the chemical formula ABX3, in which A and B are cations and X is an anion. 

In the typical cubic structure, the B cation has a 6-fold coordination, surrounded by an 

octahedron of anions, and the A cation has a 12-fold cuboctahedral coordination. The cubic 

unit cell of such compounds is composed of A cations at cube corner positions, B sitting at 

the body-center position, and X anion occupying the face-centered positions (see Figure 

1.3).4 
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Figure 1.3. Structure of perovskites (reproduced with ref. 4 with permission). 

 

 

In the history of minerals, perovskite was first discovered in a piece of chloriterich 

skarn by the Prussian mineralogist Gustav Rose in 1839.5 The mineral was composed of 

CaTiO3 and was named after Lev A. Perovskiy (1792−1856), the renowned Russian 

mineralogist, upon the request of a notable Russian mineral collector, August Alexander 

Kämmerer. Later on, many inorganic metal oxides, such as BaTiO3, PbTiO3, SrTiO3, 

BiFeO3, etc., were found which also have the perovskite structure, therefore, perovskite 

compounds are more commonly known as metal oxides, with formula ABO3. These metal 

oxide perovskites do not have any good semiconducting properties that would make them 

suitable for PV applications or optoelectronics. However, a class of perovskites that differ 

from oxide perovskites known as halide perovskites with halide anions in place of oxygen 

anions shows semiconducting properties that are desired for PV applications.6 The 

discovery of such halide perovskites was noted in the 1890s. In 1893, Wells et al. performed 

an impressive study on the synthesis of lead halide compounds from solutions including 

lead halide and cesium, CsPbX3 (X = Cl, Br, I),7 ammonium (NH4),
8 or rubidium, RbPbX3.

9 

Later, in 1957, the Danish researcher C. K. Møller found that CsPbCl3 and CsPbBr3 have 

the perovskite structure,10-11 existing as a tetragonally distorted structure which undergoes 

a transition to a pure cubic phase at high temperature.11 The simple solution process for the 

synthesis of these cesium lead halide ionic crystals might have inspired researchers to use 

other cations in place of Cs. Weber8,9 found that the organic cation methylammonium 

(CH3NH3
+) replaces Cs+ to form CH3NH3MX3 (M = Pb,8 Sn,9 X = I, Br) and reported the 

first crystallographic study on organic lead halide perovskites. In other words, we can say 

that this research was the birth of perovskite semiconductor materials. By the end of the 

20th century, a large variety of halide perovskites were synthesized by David Mitzi using 
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small and large organic cations,12−14 focusing on the physical properties of two-dimensional 

(2D) perovskite materials with a large organic group.13 Based on this study, in the late 1990s, 

Prof. Kohei Sanui conducted a project of self-organized quantum confinement structures 

using the above perovskites; optical properties of 2D15-16 and 3D crystals were 

investigated.17-18 Although the research opened applications of these materials to nonlinear 

optics and electroluminescence (i.e., light-emitting diodes, LEDs) by utilizing sharp 

monochromatic optical absorption and luminescence,19-20 there was no idea that these 

materials could be utilized for solar energy because 2D perovskites are not suitable for 

harvesting light over the wide spectral range of sunlight.  

1.3 Discovery of halide perovskite solar cells 
  

First and second-generation solar cells consisting of silicon wafer-based and thin-

film solar cells, respectively, have done well in terms of efficiency and stability. For the use 

of solar cells, ultra-high purity metallic silicon (>99.9999%) can be obtained by the 

crystallization of melted Si in a furnace at more than 1400 °C. Thus, the high cost of 

materials and energy-demanding processing of wafers has slowed the widespread use of 

solar cells as alternatives to fossil-fuel-based energy sources such as thermal power 

generation.  

Thus, a lot of research and development has been devoted to finding a cost-effective 

and highly efficient alternative, leading to third-generation photovoltaics, including organic 

solar cells and dye-sensitized solar cells (DSSCs). These cells could be processed very 

cheaply, but their performance remained limited to PCE of around 10%, which limited their 

chances for commercialization. In 2005−2006, researchers were putting their continuous 

efforts into the further development of DSSCs,21−23. They explored the use of an 

organic−inorganic lead halide perovskite as an absorber to replace the organic dye in DSSCs. 

Although nobody imagined that the material would open up a new world of PV with such 

immense potential, people were curious to exploit its semiconducting properties in 

photoelectrochemical cells. This proved an absolutely blissful encounter with the 

perovskites. 

In addition, halide perovskites also possess materials properties of interest for optical 

sources: bright photoluminescence, narrow light emission line width, tunable exciton 

binding energy, and balanced charge carrier mobility.24-26 In the early 1990s, researchers 
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applied layered structured halide perovskites (e.g., Ruddlesden−Popper phases) to create 

light-emitting diodes (LEDs) that operated at liquid nitrogen temperature.27 In 2012, room-

temperature halide perovskite LEDs were reported.28 In 2015, the first efficient perovskite 

LEDs (EQE ∼8.5%) were reported.29 Studies of perovskite optical sources have similarly 

intensified in the past years. 

 

1.4 Current state of halide perovskite for photovoltaics and 

optoelectronics application 
 

In the early days of research into these materials, single-cation (‘pure’) perovskites 

such as MAPbI3, FAPbI3 and CsPbI3 were widely studied for LED’s and solar cell 

applications. Here, MA stands for methylammonium, FA for formamidinium. However, as 

some of their limitations became apparent, recently more effort went into developing mixed-

ion hybrid perovskites (MIHPs), in which anions Br− and Cl− were mixed with I−; the MA 

cations were substituted by FA, rubidium (Rb), and cesium (Cs); also, Pb was substituted 

by Sn,30 in addition to a few other combinations. This is the beginning of a new era in the 

field of perovskite solar cells and optoelectronics devices. By mixing a systemic ratio of 

materials, researchers have attempted to boost the performance with high ambient stability. 

This allowed for the control of various properties such as the bandgap,31 the phase stability 

at room temperature,32 carrier transport,33 device performance, and stability, etc. 

MIHPs are ideal materials for applications in photovoltaics owing to their high 

compositional flexibility and optoelectronic properties. However, one major obstacle to 

industrial use is their compositional instability.11 Some of the mixed-ion perovskites under 

illumination or charge-carrier injection process experience ion migration into regions with 

differing ion contents or non-radiative recombination processes due to grain boundary 

defects. Such a migration of ions or non-radiative recombination adversely affects the 

electronic properties of the material and severely limits the prospects of the MIHP 

technology.18 
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1.5 Microscopy studies on perovskites  
 

Fluorescence microscopy34-35 has served as a powerful tool to find internal 

structure−function information in perovskite nanocrystals, nanofibers, thin films, etc.,34-36 

and has provided insight into potential sources of many different optical and photophysical 

phenomena, e.g., band gap tuning, nonradiative recombination,37-39 heterogeneity,40-43 

charge carrier transformation,44-47 surface traps, ion migration, phase segregation, etc. These 

studies are also based on the combination of several spectroscopies techniques including 

photoluminescence (PL),48-54 electron microscopy,55 electroluminescence56 or atomic force 

microscopy (AFM).57  

Several groups have revealed the local photophysics of the perovskite materials and 

the heterogeneous distribution of trap states34,58-59 in the films. Effective utilization of these 

fluorescence techniques can give access to local energy transport, and grain boundaries and 

further inform pathways to rationally control these fundamental processes to improve the 

efficiency of solar cells, light-emitting diodes4,44,56-61 lasers, and transistors. However, 

whether carrier transport or recombination dominates the optoelectronic62 heterogeneity is 

still unclear. For example, some groups reported that photoluminescence intensities and 

lifetimes varied between different grains in the same sample and showed that grain 

boundaries were generally dimmer and exhibited faster photoluminescence decays.15-16,63 

Other groups have reported similar local variations in photoluminescence intensity and have 

interpreted these results as variations in nonradiative recombination rates due to 

heterogeneous distributions of surface traps.17,20,64 The origins of the photoluminescence 

heterogeneity in perovskites and the existence of structural and electronic barriers to lateral 

carrier diffusion in perovskite film are important topics that not only affect the performance 

of perovskites in solar cells and other device applications but also, in turn, affect the analysis 

of many other experiments and even the extraction of fundamental properties like 

conductivity and charge carrier density.  
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1.6 Methodology of fluorescence microscopy 

1.6.1 Basics of fluorescence microscopy 

 

Fluorescence microscopy65-67 is a technique to detect photoluminescence (PL) from 

light-emitting entities such as organic molecules, aggerates, nanoparticles, and quantum 

dots, etc. A fluorescence microscope is an optical microscope that both excites and collects 

fluorescence signals from the sample. Different types of fluorescence microscopes have 

been developed. In a wide-field fluorescence microscope, a filter cube containing an 

excitation filter, emission filter, and dichroic mirror is placed in the light path ahead of the 

objective lens, as illustrated in Figure 1.4. 

 

 

 

Figure 1.4. Schematic diagram of microscopy setup 

 

 

In this, the excitation light is mostly provided by a laser, and the excitation 

wavelength is selected to be absorbed by the sample. An optional excitation filter selectively 

allows the desired wavelength from the light source to pass. Excitation light is reflected by 

a dichroic mirror and focused on the sample through an objective lens. Fluorescence from 

the sample is passing through the dichroic mirror and a long pass filter and is detected by a 

photodetector, such as CCD camera. Dichroic mirrors can reflect the excitation light (shorter 
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wavelength) and pass the emission (longer wavelength). A long pass filter is used for cutting 

the transmitted excitation light to decrease background scattering. It is well known that 

Rayleigh scattering intensity is proportional to excitation intensity and to the fourth power 

of wavelength. Shorter wavelength and higher intensity of excitation increase the 

background scattering and contribute to the difficulty of PL emission detection. Therefore, 

optical filters, excitation wavelength, and intensity should be selected and adjusted carefully. 

If we select the appropriate filters most of the excitation light reaching the sample will be 

transmitted and thus will not be collected by the objective lens. The background noise from 

the excitation light will be significantly reduced in this case. 

Like all other optical microscopes, the spatial resolution of a fluorescence 

microscope is diffraction limited. The resolution at a certain excitation wavelength can be 

estimated by the Rayleigh criterion: 

 

 

𝑑 ≈ 0.61 ⨯
𝜆

𝑁𝐴
 

 

 

where d is the diffraction limited resolution, λ is the wavelength of the light, and NA 

is the numerical aperture of the objective, which usually has a value of 1.4 to 1.6 for oil-

immersion lenses.66 According to the Rayleigh criterion, when measuring a sample emitting 

light at a wavelength of above 600 nm (e.g., MAPbI3), the resolution of the fluorescence 

microscope will be around 280 nm. 

The integration of a spectrometer in the optical path of the microscope to separate 

light of different wavelengths onto different pixels of the CCD camera enables not only the 

fluorescence intensity but also the emission spectrum of the samples can be recorded. The 

measurement of, e.g., emission spectra68 during crystal transformations provides more 

compositional information than simply monitoring the intensity variation. A wide-field 

detector such as CCD camera can record the fluorescence intensity trajectories of hundreds 

of crystals simultaneously and thus facilitates the statistical analysis of heterogeneity. 

 

 



 

 

 

11 

1.6.2 Non-radiative recombination 

 

One of the important parameters obtained from PL microscopic imaging is the 

spatial variations in non-radiative recombination. As opposed to radiative recombination 

processes, non-radiative recombination allows the annihilation of an exciton without the 

emission of photons. These processes are present in quantum dots, as well as in 

semiconductors in general, and are important to understand the dynamics of the system. The 

most important ones are: 

• Auger recombination, 

• exciton-phonon interaction, 

• charge trapping. 

 

We are briefly describing these effects below, starting with the most important one in the 

general case of semiconductors.  

 

i) Auger recombination. 

Auger recombination is a mechanism present in semiconductors analogous to the Auger 

effect in atoms. The Auger effect is the second ionization of an atom due to the energy 

transferred by an electron of the atom itself; the process is shown in Figure 1.5. The process 

happens in two steps: 

• The atom is first ionized, i.e. by an ionizing radiation, and as a consequence of this 

ionization, a hole is present in one of its inner shells 

• One electron relaxes from an outer level to the hole while another “collects” its 

energy and is emitted 

In Auger recombination there is a similar effect: an exciton in a semiconductor 

recombines giving its energy to a carrier in the valence band. As opposed to the Auger 

ionization, the carrier that collects the charge stays in the conduction band at a higher-level 

state and no ionization happens. The carrier can then relax non-radiatively to the ground 

state of the conduction band. This mechanism is important in perovskites as well as it often 

guarantees photon emission. Indeed, if more than one exciton is created, the excitons in 

addition to the first one can recombine non-radiatively giving their energy to the first one. 

The Auger recombination is usually a very efficient mechanism: until the Auger 

recombination is possible, it is predominant on the radiative recombination. 
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Figure 1.5. Mechanism of Auger ionization: (a) The atom is ionized by a radiation (i.e. a 𝛾 

ray) and loses one of its electrons of the inner shell; (b) One outer electron relaxes to the 

hole left by the missing electron giving its energy to an outer electron and the atom is ionized 

for the second time. 

 

 

When only one exciton is present, there are no more carriers in the conduction band 

to which the energy of the exciton can be passed on, and the Auger effect is not possible 

anymore; this time, the exciton relaxes radiatively with the emission of one photon. The 

scheme of Auger recombination is shown in Figure 1.6. 

 

ii) Interaction of excitons with phonons 

A phonon is a quasi-particle that represents the elementary vibrational excitation of a lattice. 

We can distinguish two different cases:  

1) Intraband relaxation  

2) Interband relaxation. 

Intraband relaxation: the fact that electrons and holes can relax releasing energy in 

a semiconductor seems normal, although, with deeper thinking, it is quite surprising. Indeed, 

for both electrons and holes, phonon energy levels are also discrete. Therefore, except for 

the case of energy overlap, the transfer of energy from an exciton to a phonon should be 

prohibited. On the contrary, it was observed that the thermal relaxation is even accelerated 

by the quantum confinement.  
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Figure 1.6. Mechanism for Auger recombination: (a) The semiconductor is excited by light 

and multiple excitons are created; (b) and (c) until multiple excitons are present, one exciton 

can relax non-radiatively passing the energy to another one; finally (c) the last exciton 

relaxes radiatively by emitting a single photon with the energy of the gap. 

 

 

This is due to the fact that this process is mediated by the Auger energy transfer from 

electrons to holes. The process is usually very fast, on the order of hundreds of femtoseconds 

(compared to some nanoseconds for the radiative decay). 

Interband relaxation: phonons have an effect also in interband relaxation, in two 

distinct ways. First, they affect the spectrum by broadening the emission peak and secondly, 

they create a non-radiative relaxation channel that is in competition with the radiative one. 
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iii) Charge trapping 

A carrier can be trapped onto a defect of the lattice or at the surface of the nanocrystal. When 

this happens, it creates additional energy levels within the gap of the semiconductor 

providing a non-radiative decay path, and, as a consequence, no photon is emitted by the 

crystal. A trapped state can last from tens of picoseconds up to several seconds and its de-

excitation is usually non-radiative. This is, however, a reversible process, i.e., the emitters 

do emit light again after the trap is depopulated.  

 

1.6.3 PL intensity and its fluctuations (blinking) 

 

By measuring the PL intensity of the perovskite sample, we can understand the 

fundamental processes in detail. Due to the charge trapping described in the above section, 

the emitter can become dark (or gray) for a certain time and recover its emission at a later 

stage. This phenomenon is known as blinking and has been largely studied. There are 

different types of analyses that can be performed on the blinking of nanocrystals but so far 

there have been only a few reports of blinking for thin films.  

One of the traditional ways to study blinking is to perform time-correlated photon 

measurements or, in other words, to measure when and how many photons arrive at the 

detector. The fluctuation of the intensity induced by the blinking is analyzed to obtain a 

histogram reporting for each time interval how many photons arrived. Once we have the 

histogram, we can inspect the distribution of the intensities in each time bin. We can then 

analyze the distributions of the different intensity levels such as on-states or off-states.  

 

1.6.4 Microscopic PL spectra  

 

From the microscopic emission spectra and their spatial variations, we can extract 

different information on the nanoscale emitters such as the central emission wavelength and 

the width of their emission. The peak emission wavelength is related to the energy bandgap 

and consequently to the local nanoscale composition of the perovskite sample. The spectral 

width can reflect the heterogeneity at the location. Other than spatial distribution, the time 

evolution of the nanoscale PL spectra can provide information on local dynamic processes 
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in the sample, such as, e.g., ion migration. On the other hand, at room temperature, any fine 

structure of the emission with different energy levels cannot be resolved in the spectrum.  

1.7 Motivation 
 

A fundamental challenge in the development of solar photovoltaic technology is a 

reduction in cost enabling direct competition with fossil-fuel-based energy sources. A key 

driver in this cost reduction is optimized device efficiency because increased energy output 

leverages all photovoltaic system costs, from raw materials and module manufacturing to 

installation and maintenance. To continue progress toward higher conversion efficiencies, 

solar cells are being fabricated with increasingly complex designs, including engineered 

nanostructures, heterojunctions, and novel contacting and passivation schemes. Such 

advanced designs require a comprehensive and unified understanding of optical and 

electrical device physics at the microscopic scale. This thesis establishes a microscopic 

understanding of solar cell optoelectronic performance and its impact on cell optimization. 

For solution-processed semiconductors with domain sizes below a few micrometers, 

halide perovskites exhibit unprecedented carrier transport properties that enable their stellar 

performance in photovoltaics. Quantitatively characterizing this transport, understanding 

the material properties that give rise to it, and developing ways to improve it are all key 

directions for research. The intrinsic electrical properties, such as carrier type, concentration, 

mobility, and diffusion lengths in halide perovskites have exhibited a large range of values 

often influenced by the method used to prepare the films. Additionally, the lack of smooth 

and uniform films on which to perform measurements can make the determination of 

intrinsic electrical properties challenging since conventional techniques often assume the 

sample exhibits a specific geometry. However, it is not surprising that the mobility depends 

strongly on the preparation of the film. The electron mobility of polycrystalline 

CH3NH3PbI3 films compares favorably to that of films of other materials used as absorbers 

in solar cells. It is larger than the thin-film mobility of polymers (10−7 to 1 cm2/V.s)69-70 and 

colloidal quantum dots (10−3 to 1 cm2/V.s)71 and it is comparable with that of CdTe (10 

cm2/V.s)72, CIGS and Cu2ZnSnS4 (CZTS) (10 to 100 cm2/V.s)73-74 and polycrystalline Si 

(40 cm2/V.s)75. Even in polycrystalline form, hybrid perovskites’s inexpensive processing 

and tolerance to defects offer a significant advantage over conventional semiconductors. 
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As is the case for other polycrystalline semiconductors, electrical properties in 

hybrid perovskites are likely correlated with the film morphology. For instance, the dark 

and light conductivities of CH3NH3PbI3−x deposited on a planar scaffold or on 

mesostructured aluminum oxide are quite different76. This difference has been attributed to 

an increase in the perovskite Fermi level in the mesostructured scaffold either through more 

surface iodide vacancies or through electrostatic gating from the aluminum oxide. Also, the 

role of grain boundaries in conduction through perovskite films has not been thoroughly 

explored, although the passivation of grain boundaries with PbI2 has been correlated to 

increased radiative lifetimes77. Inspired by the literature on organic solar cells, solvent 

annealing has been applied to CH3NH3PbI3 solar cells to increase the grain size of the films 

to ∼1 μm78. Such processing results in an increase in the photovoltaic performance and 

radiative lifetime. 

Presently thin films-based silicon solar cells79-85 are commercialized, and 

fluorescence microscopy86-90 has played an important role in the success of PV 

industrialization. Using fluorescence microscopy researchers have investigated basic 

materials physics, e.g., nanophotonic light trapping which has an impact on grain boundaries, 

heterojunctions, surface passivation, charge carrier transport, etc. which was helpful to 

optimize the optical and electrical properties of thin-film silicon solar cells. As a result a 

commercialized silicon-based PV- solar cell technology has been achieved successfully.  

Similarly, these days thin film-based perovskite solar cells are getting much 

attention due to their promising semiconductor properties. Much research effort is dedicated 

to achieving high efficiencies, which requires a thorough understanding of the materials 

used to compose a solar cell. Like any common battery, a solar cell requires two contacts, 

one at the front and the other at the back. Sunlight first enters the solar cell through a 

transparent conductive front contact and is subsequently absorbed and converted into 

electricity in the perovskite absorber layer. Perovskite absorber layers can influence the 

electrical performance of the solar cell and therefore require a more elaborate and nuanced 

understanding. To build this understanding, material properties must be determined by 

characterization. The main aim of this thesis is to contribute to this understanding through 

advanced material characterization using fluorescence microscopy.  

Similar to the use of fluorescence microscopy for the characterization of 

semiconductor solar cell materials, we aim to relate the microscopic relative PL efficiency 

with the local photovoltaic functionality. The concept is schematically summarized in the 
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Figure 1.7. Light absorbed by the perovskite crystals can generate excitons with very low 

binding energy which dissociate into free charge carriers in the form of electrons and holes. 

In an isolated defect-free film these carriers radiatively recombine together with a PLQY of 

100%. On the other hand, in the presence of a defect, the charges can be trapped and 

recombine non-radiatively, leading to PLQY of less than 100%. Similarly, the perovskite 

film incorporated into a solar cell device in the presence of light should create the free 

charges that can be collected by the anode and cathode in the ideal case. But when there is 

a defect the charges are trapped and due to that photocurrent is reduced. In this way, the PL 

microscopic imaging and spectroscopy of perovskite films can be used to characterize the 

quality of the materials with respect to the photovoltaic functionality.  

 

 

 

Figure 1.7. Schematic diagram of PL microscopy evaluation of photovoltaic 
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1.8 Outline of the thesis 
 

This thesis presents a systematic study of the perovskite nanostructures and films 

with superior optoelectronic properties and stability for their applications in high-

performance photodetectors, LEDs, and solar cells. We believe that these studies are very 

significant in addressing the current challenges of energy and environmental issues and 

multifunctional optoelectronic applications. The complete thesis work has been composed 

into 6 chapters, as detailed below:  

Chapter 1 provides background and introduction to halide perovskites, fluorescence 

microscopy, and the mechanism of fluorescence intermittency. By quantifying and 

considering all the perovskite material’s properties and thin films, the ultimate goal is 

directed to the study of perovskite thin films at the microscopic level.  

In Chapter 2 we have introduced basic concepts useful to understand the 

experimental work presented in the following. We have reviewed the effect of cation 

substitution in the perovskite structure, and the various factors in morphology optimization 

(such as stoichiometry engineering, crystallinity control, charge-carrier control, solvent 

engineering, etc.). The main part of the chapter describes preparation and optimization 

techniques to prepare the perovskite films for the microscopic study. The materials, their 

characterization using SEM and optical spectroscopy, and the microscopic experimental 

methods used in this dissertation are described in detail here. 

In Chapter 3 we provide a detailed fluorescence study of an important photovoltaic 

material as a series of mixed cation perovskite MAxFA1-xPbI3 (where x = 0, 0.3, 0.5, 0.7, 

0.9) films on the nanoscale. We have measured photoluminescence spectra on sub-

micrometer scales which reveals the compositional heterogeneity of the MA/FA-based 

perovskite films. The compositional heterogeneity is largest for the FA 50% fraction films 

which contain pure MA, pure FA domains as well as mixed MA/FA domains. We have also 

found that the films show photoluminescence intensity fluctuations (blinking) which reflects 

dynamic quenching due to the non-radiative recombination. The quenching is most 

suppressed for the FA 50% films which contain the truly mixed MA/FA domains. Lastly, 

we have seen that the blinking is correlated between locations that are micrometers apart 

which indicates that the grain boundaries do not function as traps and are transparent toward 

efficient charge migration.  
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For halide perovskite thin films, a major challenge in understanding perovskite 

semiconductors is their stability under environmental condition and the gray area of their 

degradation process. In Chapter 4, we correlate the information from chapters 2 and 3 to 

study the effect of antisolvent on the air stability of mixed cation halide perovskite thin films 

over a year and reveal their degradation process. We have performed photoluminescence 

microscopic characterization of mixed cation perovskites films of the composition MAxFA1-

xPbI3 with x = 0, 0.3 and 0.5. We have seen that the perovskite films with x = 0.5 and 0.3 

prepared in the air using ethyl acetate as an antisolvent in a one-step spin-coating process 

are compositionally stable in ambient air for more than a year as compared to the films 

prepared using the antisolvent of chlorobenzene. We have studied the degradation process 

of the films near the film edges as well as the center area of the film. The PL spectra of the 

degradation product are consistent with PL spectra of 2D perovskite sheets of the thickness 

of 5-7 layers. Morphologically, the aging of the films brings about coalescing of the film 

grain structure into larger crystal grains. Further, monitoring of the PL blinking from 

individual nanoscale locations in the films reveals that the aging of the films does not change 

the extent of dynamic PL quenching or affect the observed long-range charge diffusion on 

the order of micrometers. 

In Chapter 5, we use our understanding of mixed-cation halide perovskite film 

performance in the presence of light, and attempt to study the film stability in environment 

that would resemble working solar cells. We applied an external electric field to the 

MAxFA1-xPbI3 films in capacitance-like device to simulate the internal bias in working solar 

cells, and simultaneously monitored the PL behavior. Two completely different PL 

responses were observed in the same sample. Reversible PL quenching was observed under 

an electric field in locations characterized by changed morphology. PL intensity and spectral 

fluctuations due to externally applied field were found in homogeneous areas of the films. 

Both phenomena were attributed to migration of the iodine ions and vacancies due to the 

field. Filling of tne vacancies in a layer of the film close to the microscope objective lens 

causes appearance of new blue-shifted PL band which causes the apparent spectral 

fluctuations. Such results can help us to gain a deep insight into how the ionic movements 

in the perovskite absorber layer influence the performance of the perovskite-based 

optoelectronic devices under working conditions. 

Finally, in Chapter 6, we concluded, through careful study and assessment, the 

work done in this thesis provides detailed knowledge about the nanoscale perspective in 
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perovskite thin films and their role in solar cell performance. We hope that our results will 

benefit the perovskite photovoltaic community and will provide more insights into 

improving film fabrication methodologies as well as other approaches to eliminate the 

formation of undesired defects in hybrid perovskite thin films.  
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2.1 Introduction 

2.1.1 Key properties of halide perovskites 

 

The most fascinating property of halide-based perovskites is that they are direct-

bandgap semiconductors with very large absorption coefficients of up to ~105cm−1 in the 

UV-visible range.1-4 The optical absorption coefficient of a perovskite material is closely 

related to its electronic structure. Due to the strong light absorption, a very thin layer of 

perovskite is effective for different optoelectronic applications. Interestingly, the bandgap 

of halide perovskites can be tuned by chemical substitution without significant changes in 

the fundamental electronic properties. Generally, the bandgap and transport properties of 

halide perovskite can be tuned by changing the A-site cation, the B-site metal cation, or the 

X-site halide anion. The most common way to tune the bandgap of perovskites over the 

entire UV-visible region is the substitution of halide content from Cl- to Br- to I-. For 

example, the bandgaps of CH3NH3PbCl3, CH3NH3PbBr3, and CH3NH3PbI3 are observed to 

be ~3.1 eV, 2.2 eV, and 1.6 eV, respectively.5 For other mixed halide perovskites, the 

bandgap was found to lie between 1.6 eV and 3.1 eV depending upon the halide ions. But 

changing of A-site cation also slightly affects the bandgap. For instance, by replacing 

methylammonium (MA+) with formamidinium (FA+) cation, which is a slightly larger 

molecule, the bandgap6 changes from 1.6 to ~1.47 eV. As perovskite is a direct bandgap 

semiconductor, it shows strong photoluminescence (PL) emission due to the band edge 

excitonic recombination. Typically, the photogenerated carrier generation and 

exciton recombination efficiency varies for different halide perovskites. For example, 

iodine-based perovskites (CH3NH3PbI3 or CsPbI3) exhibit very high photogenerated carrier 

generation with low radiative recombination, which is suitable for solar cell and 

photodetection applications. On the other hand, bromine-based perovskites (CH3NH3PbBr3 

or CsPbBr3) show high radiative recombination with high photoluminescence quantum 

yield (PLQY) suitable for LED applications. However, carrier generation and 

recombination of perovskites not only depends on halide ions but also depends upon A-site 

cations. 

The A-site cation (e.g., CH3NH3
+ (MA+), CH(NH2)2

+ (FA+), Cs+) occupies the 

central position of the 3D perovskite structure which is a key part of the perovskite that 

determines its structure and dimensionality. It has a direct influence on the stability and 

optoelectronic properties of the material. As shown in the below Figure 2.1 for the effective 
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substitution of the A-site cation with respect to a tolerance factor, the incorporation of 

cations with radii similar to the original cation into the 3D perovskite structure can improve 

the device’s performance. The tolerance factor t was suggested to determine the stability of 

the perovskite phase for a given set of anions and cations. The tolerance factor and 

perovskite cell parameter are two important parameters related to the symmetry 

of perovskites that significantly affect the dielectric properties.7 Goldschmidt8 defined the 

tolerance factor to account for the limits of the size of the cations to form a perovskite 

structure as 

 

t = 
rA rX

√2)(rB rX)
 

where rA is the radius of the A cation, rB is the radius of the B cation and rX is the radius of 

the anion. 

 

 

Figure 2.1. Dependency of tolerance factor of APbI3 perovskites depending on A-cation 

radius. Colored part means region for stable cubic structure (0.8 < t < 1) (reproduced from 

ref. 1 with permission).  

https://www.sciencedirect.com/topics/materials-science/perovskites
https://www.sciencedirect.com/topics/engineering/anions-and-cation
https://www.sciencedirect.com/topics/materials-science/perovskites
https://www.sciencedirect.com/topics/materials-science/dielectric-material
https://www.sciencedirect.com/topics/engineering/goldschmidt
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The aim of substituting the A-site cation is to obtain a more-stable cubic phase and 

the appropriate dynamic position of the conduction band of the perovskite films, which plays 

a major role in improving the stability.1,9 

 

2.1.2 Effect of the FA Cation 

 

The most investigated organic cation counterpart for the substitution of the MA ion 

has been the FA ion. FAPbI3 perovskite has a similar crystal structure to MAPbI3. Moreover, 

compared to MA, FA has a relatively large radius and was confirmed to form a 3D 

perovskite with a lower band gap of about 1.47 eV.10-14 The organic cation was considered 

not taking part in determining the band structure but works to fulfill charge neutrality within 

the lattice.15-17 However, its size is vital. The size of the organic cation can cause the entire 

network to enlarge or be compressed. Therefore, both stability and performance could be 

expected to improve simultaneously. Park et al. demonstrated that FAPbI3 perovskite has 

good thermal stability at a temperature of 150 ºC.18  

Using a chemical vapor deposition method to fabricate FAPbI3 and MAPbI3 thin 

films, the FAPbI3 is more stable than the MAPbI3 in the air with a relative humidity of 

50%19-20 The improvement of thermal stability may be attributed to the more stable cubic 

phase of FAPbI3 compared to the tetragonal phase of MAPbI3. In fact, the interaction 

between the A cations and the halides in the perovskite structure mainly occurs through 

hydrogen bonding between the acidic MA or FA hydrogen atoms and the perovskite iodides. 

Furthermore, regardless of the cation size, the tetragonal-to-quasi-cubic structural evolution 

when moving from MA to FA is due to enhanced hydrogen bonding to the inorganic matrix 

which alters the covalent/ionic character of Pb-I bonds.21 Therefore, the greater thermal 

stability of FAPbI3 in nitrogen and oxygen may originate from the enhanced hydrogen 

bonding between FA and I since FA has a higher propensity to form hydrogen bonds.22-24 

This propensity may be due to the statistically enhanced probability of forming hydrogen 

bonds because of the increased number of protons in FA than in MA. The light stability in 

humidity of FAPbI3 is also improved compared to MAPbI3.
25-26 The main mechanism of the 

poor light stability of MAPbI3 is that MA will release protons under light illumination, 

which makes the protons and the I ions combine to generate HI.27-28 For FAPbI3, the main 

reason for the stability under light illumination is that it is difficult for FA to release protons. 
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This is mainly because the FA is stabilized by the resonance characteristics of the C-N 

bonds.29-33 

As shown in the below Figure 2.2, MAPbI3 and FAPbI3 perovskite both showed very 

poor thermal stability in hole-conductor-free perovskite solar cells. A MAPbI3 perovskite 

thin film with the best surface coverage is formed when the annealing temperature is 100 

ºC. However, at a high temperature, it becomes yellow, which suggests MAPbI3 gradually 

decomposes into PbI2, indicating serious thermal instability. However, phase instability is a 

major challenge for FAPbI3 because their black perovskite phases undergo a transition to a 

non-photoactive yellow phase at room temperature. FAPbI3 has four types of crystal 

polymorphs phases (Figure 2.2): cubic (α-), trigonal (β-), tetragonal (γ-), and hexagonal non-

perovskite phase (δ-), all leading to different optoelectronic properties.4  

 

 

Figure 2.2. (a) The phase variations of MAPbI3 and FAPbI3 at various temperatures. There 

are four different phases: (b) the cubic alpha (α) phase, (c) the tetragonal beta (β) phase, (d) 

the trigonal delta (δ) phase, and (e) the orthorhombic gamma (γ) phase. (b)–(e) Gray and 

purple spheres indicate lead and iodine atoms, respectively. The methylammonium (MA) 

or formamidinium (FA) molecular units are represented by orange spheres (reproduced from 

ref. 4 with permission). 
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2.1.3 Possibility of A-site cation alteration  

 

As we have discussed the several pros and cons of different A-site cations it is 

important to look at the alteration of A-site cations more carefully. In this section, we will 

discuss the state-of-the-art possibilities of mixed-cation perovskites based on multiple 

substitutions on the A-site of the perovskite and their effect on the efficiency and long-term 

stability of perovskites in solar cells. 

Mixing cations has become a hot topic to simultaneously improve both the structural 

stability and efficiency of perovskite solar cells. The partial substitution of the A-site cation 

in MAPbI3 and FAPbI3, thin films have been exploited to control the phase, humidity, and 

thermal stability, as well as tune the optical properties.20–26,34 Although both pure MA- and 

FA-based perovskite compositions are sensitive to ambient conditions, the double A-site 

cation perovskites, that is, a mixture A site cation of MA and FA, have shown a great 

potential to stabilize the crystal lattice.4,9,18,35The mixed perovskite with partial substitution 

of MA by FA showed no significant change in surface coverage under annealing 

temperatures of 100 °C, 175 °C, and 230 °C, indicating that the partial substitution of MA 

is a way to improve perovskite thermal stability.  

The recent advances in the substitution of A-cations are related to their effect on the 

long-term stability of perovskites with regards to moisture, heat, light, and oxygen. The 

structural stability over thousands of hours under various conditions must be demonstrated, 

or else, the devices will probably not be attractive for commercial applications. Having 

elucidated the mechanisms of instability, it has been concluded that chemical modification 

has provided promising results with significantly enhanced stability. Partial substitution of 

FA by MA can give the stable phase under low temperatures and is beneficial to perovskite 

stability. Moreover, stability against moisture and light illumination can be remarkably 

enhanced by partly substituting FA. The preparation of 2D perovskite by the insertion of 

larger cations, into the 3D MAPbI3 lattice, can also improve stability compared to that of 

the 3D MAPbI3 analogs, making them more attractive for large-scale industrial 

implementation. 

As discussed so far, the double cations system helps to stabilize the pure single 

cation perovskites, that is, MAPbI3, FAPbI3, and CsPbI3. The MA cation plays an important 

role in FA/MA perovskites as a crystallizer and black phase stabilizer. Despite high 

perovskite cell efficiency(PSCs) of FA/MA perovskites, obtaining a FA/MA perovskite 
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without any trace of the yellow phase is always challenging, and this negatively affects the 

long-term device stability.2,4,16,36-45 Therefore, developing a new composition engineering 

approach to achieve pure black phase in double cations system without affecting the other 

parameters is very important for further developments of PSCs. To address this challenge, 

researchers introduced triple cations FA/MA/Cs to improve further the properties of the 

double cation system46-48. Introducing small amounts of Cs (5–15%) to the FA/MA 

perovskite leads to the disappearance of the photoinactive hexagonal δ-phase and the cubic 

PbI2. This effect is due to a reduction of the effective cation radius in the new triple 

Cs/MA/FA system, pushing the tolerance factor towards the stable cubic α-phase perovskite. 

The triple cations perovskite films showed higher thermal stability and reproducibility 

regarding PEC compared to the double cations counterpart, which is very crucial for the 

further development of cost-efficient manufacturing PSCs.11,49 As a result, the triple cations-

based PSCs delivered a high stabilized PCE of 21.1% and ≈18% after 250 h under 

operational conditions. Many groups also confirmed the robustness of the Cs/MA/FA triple 

cation perovskite composition in terms of reproducibility, efficiency, and stability.1,13,50-52 

The Cs/MA/FA triple cation perovskite became a very reproducible and favorable 

composition in the perovskite community. Yet, the presence of the highly volatile MA 

cation in this composition is considered a long-term risk for universalizing this composition.  
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Figure 2.3. Schematic illustration of ABX3 perovskite structure, as well as the full 

illustration of all possible multication combinations including single, double, triple, and 

quadruple components (reproduced from ref. 1 with permission). 

 

 

In brief, introducing multication compositions with different ionic radii to occupy 

different positions in the perovskite crystals could modify the perovskite properties, leading 

to high-performance PSCs with record efficiency and stability. The increased stability is 

often attributed to the favorable tolerance factor for the perovskite phase upon A-site 

alloying (see Figure 2.3). It is well established that the A-site alloying improves the stability 

as well as reproducibility of PSCs. However, the relationship of chemical composition 

crystal structure-property-performance-phase stability is yet to be established1,2,53-55. 
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2.1.4 Key parameters for perovskite film optimization.  

 

Stoichiometry engineering  

The dynamic stoichiometry of the A-site cation in the perovskite structure can 

improve the perovskite crystallinity and reduce the trap state density within the perovskite. 

Changing the A-site cation does not directly influence the electronic energy states at the 

band edge but has an indirect impact on the bandgap energy by changing the degree of 

octahedral distortions or inducing other structural changes.4,13 

 

Figure 2.4. Effect of cations and their substitutions on the stability of perovskite materials 

(reproduced from ref. 2 with permission). 

 

 

Engineering the composition of the A-site cation in the mixed-perovskite crystal is 

also one the most promising method to completely prevent, or at least slow the progression 

of, degradation as well as phase segregation in working perovskite solar cells and 

LEDs.2,9,29,56 One explanation proposed is that the composition of the A-site cation is 

strongly linked to the crystallinity and quality of the resulting perovskite film, and therefore, 

as shown in the Figure 2.4, the choice of A-site cation has a large influence on a number of 

factors that could possibly be integral to perovskite crystallite size, trap state density, grain 

boundaries, halide vacancies, etc.  
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Crystallinity control  

Metal halide perovskite films with higher crystallinity (i.e., films with a larger 

average crystal grain size) are more stable.12,22-23 Analysis of comparable perovskite films, 

which are fabricated with a slight change in processing techniques has revealed a clear effect 

of crystalline quality on the tendency of the material quality (indicated by the width of X-

ray diffraction peaks and the charge-carrier mobilities and lifetimes), leading to upgraded 

photostability in the perovskite absorber layer.2,3,57  

Several pieces of evidence are reported in the literature that either directly or 

indirectly affecting factors of perovskite film crystallinity are being crucial in controlling 

optical stability. The exact reason why a larger grain size is related to the greater 

photostability of mixed perovskites remains a matter of discussion. Films with bigger crystal 

grains essentially have a lower grain boundary density, and several groups have reported 

low-bandgap domains forming around grain boundaries in perovskite films. The PL spectra 

measured from the grain centers were quite stable, showing that grain surfaces are integral 

to the charge transport process.58 These discoveries propose that enhancement in the 

crystallinity of a perovskite film can reduce the density of the grain boundaries, which in 

turn may offer fewer nucleation points for the formation of non-radiative recombination 

regions or reduce the efficacy of the Auger charge recombination process.59-61  

There are many factors why grain boundaries might induce photo instablity in mixed 

perovskites. The ionic motion has been reported to be specifically fast along grain 

boundaries in single-halide and multi-halide perovskites2,4,25,62 which might be due to the 

fact that phase segregation is particularly effective at grain boundaries. Secondly, trap state 

density has also been related to instability.63-66 Therefore, while the precise nature of trap 

states situated at grain boundaries remains debated, grain boundaries in the perovskite film 

may go along with ion migration by simply being locations that contain a high density of 

traps. However, it is important to notice that single crystals have surfaces that have been 

reported to be highly defective27,67 and are usually extremely surface-sensitive. It is not 

surprising that there are few reports in the literature on the optical investigation in perovskite 

microplates and macro-sized crystals.  

 

Charge-carrier extraction and injection and trap state passivation  

There is now sufficient literature that suggests that excited charge carriers generated 

either from photo absorption or current injection are the operating elements responsible for 
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optical stability.1,2,68 Perovskite photo instability can be reduced by influencing the charge-

carrier density in the perovskite, e.g., by changing charge-carrier extraction or injection, or 

the recombination dynamics. Perovskite solar cells perhaps can be more efficient under 

working conditions when significant current extraction takes place than would be expected 

from simple photoluminescence measurements on corresponding perovskite films in the 

absence of charge-extraction layers. However, the incorporation of a trap passivation agent 

into a perovskite film usually alters other material properties too, like the nature of grain 

boundaries and also the ion migration channels, which is linked to photostability. In general, 

passivating agents represent an important methodology to manage photostability in 

perovskite materials, capable of reducing segregation on one side, e.g., by passivating trap 

states and potentially changing the ion migration pathways and mobilities. The drawback of 

using such passivating agents mostly stems from the challenges in finding appropriate 

agents and incorporating the agent into the perovskite film via an acceptable process 

methodology. And also, several additives produce side effects that can destroy the 

perovskite material properties – like charge-carrier transport across grain boundaries – 

leading to a spot in the concentration of the additive that has to be determined so as to 

optimize the optoelectronic performance of the perovskite.2,8,69-72 The invention and fine-

tuning of effective additives for the reduction of traps is therefore a direct, but complicated, 

target for the production of stable mixed perovskite solar cells and LEDs.  

Many reports have recommended that the connection between trap passivation and 

optical instability stems from the charge carriers caught in localized trap states or at grain 

boundaries pushing the charge transportation.2,4-6,73 To clarify these effects, it is proposed 

that electric fields produced by excited charge carriers caught in localized trap states or at 

grain boundaries in the perovskite are also the reason for the discovered charge movement 

and subsequent nonradiative recombination.26, During this process, the electric field 

generated between holes funneled into the nascent low-bandgap area of the perovskite and 

the electrons trapped in the localized defect states then provide the driving force for ion 

transport. Similar concerns demonstrate the practicability to boost the phase stability of a 

mixed halide perovskite by simply changing the recombination dynamics into the radiative 

recombination regime, therefore reducing the fraction of charge carriers that are captured in 

trap states. In conclusion, photostability in mixed-ion perovskites can be changed through 

the tuning of charge-carrier recombination, extraction, and injection rates. Charge-carrier 

trapping is related to the non-radiative recombination process2,3,74-77 possibly through the 
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electric fields these stationary charges generate. Therefore, a reduction in trap-mediated 

recombination through either extraction of charge carriers via an electrical circuit,78 or trap 

passivation,2,8 or by utilizing pulsed charge-carrier injection2,9 is effective in decreasing the 

extent of optical instability.  

 

Atmospheric effects 

Atmospheric conditions are also expected to play an important role in stability 

mechanisms in mixed-ion perovskites. Varying atmospheric conditions such as changes in 

humidity or immersion of the perovskite into different gases are expected to affect the 

optical and structural properties. Environmental conditions alter the nature and distribution 

of trap states in metal halide perovskites. There is indeed enough confirmation in the 

literature for environmental effects on perovskite stability, and most of them are reliable but 

could be derived from variations in material morphology, composition, or experimental 

conditions between studies. Studies have not yet unanimously concluded on the impact of 

O2 on optical stability, only covering minor changes in the speed of charge recombination 

in perovskite samples held under ambient air. Therefore, the impact of O2 on photostability 

is continuously debated. The consequences of the environment in the photoluminescence 

properties of perovskite can be changed or delayed by coating the perovskite film with a 

thick encapsulant layer, like polymethyl methacrylate (PMMA). These encapsulant layers 

may in turn affect the comparability of measurements based on films in free space with 

those embedded in device structures.  

 

Regulating illumination  

The illumination falling upon a photovoltaic cell might vary noticeably depending 

on the placement of the solar cell in the world, the solar cell design, and other factors like 

implementation in a solar concentrator design32 or tracking arrangements. Therefore, it is 

necessary to consider how the illumination will influence the optical stability of perovskite. 

An increase in the illumination intensity leads to faster charge carrier recombination in 

mixed perovskites.9 In the condition that excited charge carriers are liable for 

photostability,12,30,78 an increased illumination intensity photogenerates further excited 

charge carriers in the perovskite material per second, resulting in spontaneous 

recombination of charges. However, changes might not essentially be linear in the light 
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intensity, on condition that the efficiency with which absorbed photons induce trap may 

additionally modify with illumination intensity.  

Solvent engineering 

Solvent engineering using antisolvents plays an important role to improve perovskite 

film quality-related issues, such as rough surfaces, and pinholes (which result in poor device 

performance). Antisolvents, also known as non-solvents (to a particular solute), are fluids 

(liquid, vapor, or supercritical gas) that do not dissolve the solute but are homogenous with 

the solvent of the solution. When an antisolvent is added to a solution, it immediately 

reduces the solubility and creates local supersaturation conditions. As a result, precipitation, 

or crystallization occurs. This crystallization method is rapid and efficient. Additionally, 

being a room-temperature method, it is suitable for heat-sensitive materials. Therefore, it 

has extensive application in the production of micro- and nanoparticles,79-81 inorganic 

materials,56 polymers,82-85 and recently in perovskite materials.2,5,86-90 Using the diagram in 

Figure 2.5, we can understand the role of antisolvent in perovskite film formation. 

 

 

 

Figure 2.5. The antisolvent-assisted crystallization mechanism 

 

 

According to literature, dripping toluene, chlorobenzene, diethyl ether, ethyl acetate, 

and isopropanol, etc. (as antisolvents) resulted in less pinholes and a smoother surface of 

perovskite film to improve the optoelectronic properties and reduced hysteresis.1-6,9,91 It was 

speculated that the surface ions (halide and methylammonium) formed a complex with the 

solvent and had been removed during dripping antisolvent and this process had promoted a 
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net positive charge on the Pb atoms, which facilitated the formation of good quality 

perovskite film.1-4,92-100 Antisolvent treatment increases the nucleus density during film 

formation to produce uniform and pinhole-free perovskite film, which facilitates improved 

solar cell efficiency, low hysteresis, and stability. Interestingly, many of the best-efficiency 

perovskite solar cells till date have been produced by the antisolvent treatment. Therefore, 

it is important to understand the fundamentals of antisolvent treatment, and various aspects 

of antisolvent application on perovskite film, for perovskite film quality improvement. 

 

2.1.5 Structure of Perovskite Solar Cells 

 

Although perovskites come from a seemingly different world of crystallography, 

they can be incorporated very easily into standard thin-film architecture. While the best 

perovskite structures have been vacuum deposited to give better, more uniform film 

qualities, this process requires the co-evaporation of the organic (methyl ammonium) 

component at the same time as the inorganic (lead/tin halide) components. The accurate co-

evaporation of these materials to form the perovskite, therefore, requires specialist 

evaporation chambers that are not available to many researchers. This may also cause the 

practical issues of calibration and cross-contamination between organic and non-organic 

sources which would be difficult to clean. 

   The structure in Figure 2.6 represents a standard (non-inverted) perovskite solar 

cell based upon a standard glass/ITO substrate with metal back contact. All that is required 

to form a working device from the perovskite are two charge-selective interface layers for 

the electrons and holes respectively. 
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Figure 2.6. Generic device structure of a standard (non-inverted) perovskite solar cell. 

 

 

Many of the standard interface layers from the world of organic photovoltaics work 

relatively well. For example PEDOT:PSS and the PTAA-class of polymers work well as 

hole interface layers while PCBM, C60, ZnO and TiO2 makes an effective electron interface. 

However, the field is so new that there is a vast archive of possible interface materials to be 

explored. Understanding and optimizing the energy levels and interactions of different 

materials at these interfaces offer a very exciting area of research101-105. 

   The main issue for practical device fabrication of perovskite solar cells is that of 

film quality and thickness. The light-harvesting (active) perovskite layer needs to be several 

hundred nanometers thick for standard organic photovoltaics. Unless the deposition 

conditions and annealing temperature are optimized, rough surfaces with incomplete 

coverage are formed. Even with good optimization, there is still a significant surface 

roughness remaining, and therefore thicker interface layers than might normally be used are 

also required. However, the fact that spin coating can be used is highly encouraging because 

it has distinct advantages including significantly lower cost, and fewer problems involving 

scalability1,2,8,106. 
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2.1.6 Introduction to Spin Coating 

 

Spin coating is one of the most common techniques for applying thin films to 

substrates and is used in a wide variety of industries and technology sectors. The advantage 

of spin coating is its ability to produce very uniform films quickly and easily from a few 

nanometers to a few microns in thickness. The use of spin coating in organic electronics and 

nanotechnology is widespread and has built upon many of the techniques used in other 

semiconductor industries but also has some differences due to the relatively thin films, and 

high uniformity that are required for effective device preparation, as well as the need for 

self-assembly and organization to occur during the casting process. 

The spin coating generally involves the fabrication of a thin film (a few nm to a few 

µm) evenly across the surface of a substrate by coating a solution of the desired material in 

a solvent (a "precursor") while it is rotating. 

 

Figure 2.7. Example of spin coating a small molecule in solution using a static dispense 

(reproduced from ref. 96 with permission).  

 

 

As shown in the Figure 2.7, the spin-coating process involves several steps: 

• First the substrate is coated in the precursor containing the molecules dissolved in a 

solvent (1). 

• Then the substrate is rotated at high speed and the excess precursor take off the side (2). 

• Then airflow dries most of the solvent leaving a wet surface (3)  

• before the film fully dries to just leave the molecules on the surface (4). 
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The rotation of the substrate at high speed (usually >10 rotations per second = 600 

rpm) means that the centripetal force combined with the surface tension of the solution pulls 

the liquid coating into an even covering. During this time the solvent evaporates to leave 

the desired material on the substrate in an even covering. There are several important 

parameters for the spin coating which need optimization for the thin film fabrication, such 

as angular velocity (w), speed, time or concentration of solution.   

In general, the thickness T of a spin-coated film is proportional to the inverse of the 

root of spin speed, as shown in the expression below, where w is the angular velocity:  

 

 

T ∝
1

√𝑤
 

 

 

Another important factor is the speed of the spin coater. In general, the spin coating 

can produce uniform films relatively easily from about 1000 rpm, but with careful 

optimization of speed above 1000 rpm, a good film quality film can be achieved. Control of 

spin speed has both advantages and disadvantages. The disadvantage is that the range of 

thicknesses that can be achieved from a given solution is relatively narrow. On the other 

hand, the advantage is that it allows precise control of film thickness within this range. The 

thickness that can be produced from a given material/solvent combination further depends 

upon the concentration of the material in the precursor solution.  

For most standard spin coating techniques, the objective is to keep the substrate 

spinning until the film is fully dry. As such this will mainly depend upon the boiling point 

and vapor pressure of the solvent that is used but also on the ambient conditions 

(temperature and humidity) that the spin coating performed in. For most alcoholic solvents 

a spin coating duration of 30 seconds is usually more than adequate and is therefore 

recommended as a starting point for most processes.97,98 
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2.2 Perovskite film preparation  

2.2.1 Overview of the standard preparation process 

 

The MA/FA based perovskite sample preparation process for the PL microscopic 

studies is summarized in the illustrative scheme below in Figure 2.8. There are several 

important parameters for the optimization of this basic process which we are discussing 

further in detail. 

 

 

Figure 2.8. Sample preparation of MA-FA based halide perovskite 

 

 

2.2.2 Perovskite precursor solution 

 

The perovskite precursor solution preparation is simple. The stoichiometry6,7 and the 

formation of coordination complexes2,8,9 within perovskite precursors in solution largely 

impact the device performances and stability. Therefore, the preparation and the conditions 

of the perovskite precursor solution are very important steps that can affect the 

reproducibility of devices. In general, controlled preparation environment, such as using a 

nitrogen-filled glovebox (water and oxygen content below 1 ppm), anhydrous and high-

purity solvents, and a calibrated balance and pipet, are recommended. 

Here, on the other hand, we chose to prepare the sample under ambient 

environmental conditions because the ideal solar cell thin film should be stable in the 

environment. We prepare a precursor stock solution of 1.4 mol of MAxFA1-xPbI3 per liter of 
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mixed solvent of 4:1 V/V dimethylformamide (DMF)/dimethyl sulfoxide (DMSO). For a 

1.4 M MAPbI3 stock solution we used 0.64 g of ground powder of  PbI2 and 0.22 g of MAI 

in 1 ml (800 µl + 200 µl) of the mixed solution of DMF and DMSO in a glass vial. The 

stock solution is then placed on a hot-plate magnetic starrier at room temperature and heated 

to 60°C for about 1 hour. Even then the solution was not clear and there were insoluble 

particles left in the bottom of the vial. We next changed the ratio of DMF and DMSO to 7:3 

(instead of 4:1) and used (700 µl + 300 µl) of the mixed solvent to obtain a clear solution, 

as shown in Figure 2.9. The solution is then left to cool to room temperature and filtered 

using a pore size 0.45 µm syringe filter into another glass vial. The stock solutions prepared 

in this way can be stored for a long time; however, reheating to 60 °C is required each time. 

 

 

 

Figure 2.9. precursor solution of MAxFA1-xPbI3 
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2.2.3 Standard fabrication process of the perovskite films    

 

MAxFA1-xPbI3 perovskite films have been synthesized by the method reported 

before1,4,98 with some modifications. A glass substrate has been cleaned with acetone, 

isopropanol, and deionized water. In the initial stage, we used the glass substrate directly to 

coat the perovskite layer. We were unable to obtain homogeneous films due to the 

hydrophobic nature of the glass surface which repelled the perovskite solution.  

We next decided to use a layer of PEDOT:PSS because its surface is hydrophilic, 

and it is also easy to spin coat. PEDOT:PSS is also used in actual perovskite solar cells as 

the hole transporting layer (HTL). We fabricated a 40 nm thick layer of PEDOT:PSS 

(Clevios P AI4083, H. C. Starck) by spin-coating a water solution (at 4000 rpm for 40 s) on 

the glass substrates and annealing at 150 °C for 15 min. On top of that MAPbI3 perovskite 

layer had been deposited. For that, 150 μL of 1.4 M precursor solution of MAPbI3 (in 7:3 

DMF:DMSO) was spin-coated on the substrates in two steps: at 1000 rpm for 10 s, followed 

by either 2000, 3000, 4000, or 5000 rpm for 30 s. In the last 10 s of the either 2000, 3000, 

4000, or 5000 rpm spinning, 100 μL of chlorobenzene (CB) were dropped on the films as 

an antisolvent, followed by annealing.  

 

2.3 Optimization of the sample preparation parameters  
 

For the nanoscale scale study of the perovskite films, the standard film preparation 

procedure described above was further optimized with respect to annealing temperature, 

antisolvent deposition speed, concentration of precursor solution, choice of antisolvent, etc., 

to fabricate a stable, homogeneous and pinhole-free sample. All the optimization has been 

performed first on the MAPbI3 sample. 

 

2.3.1 Annealing temperature 

 

The annealing temperature of perovskite films was varied from 90 °C to 120 °C with 

increment of 10 °C. Depending on the temperature the crystal growth was either very slow 

or very fast; low temperature leads to very small crystal size, on the other hand high 

annealing temperature causes the film to crack. At the temperature was at 100 °C the crystal 
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growth and film formation were improved considerably. In the following, the optimized 

annealing conditions of the annealing temperature of 100 °C and annealing time of 40 min 

were used for the perovskite film preparation. 

 

2.3.2 Spin-coating speed and antisolvent deposition 

 

After the first attempt at fabrication of all MAPbI3 samples with optimized precursor 

solution and annealing temperature we realized that the crystal formation and film quality 

were better for higher rpm speed of the second spin-coating step. The results for the 2000, 

3000, 4000, and 5000 rpm spin-coating speeds are shown in the SEM images in the Figure 

2.10. The best quality film was obtained with 5000 rpm and this value was used as optimized 

spin-coating speed further on.  

 

 

 

Figure 2.10. MAPbI3 sample prepared on different spin coating speed. 
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As we can also see in the SEM images in Figure 2.10, the surface area coverage is 

still not uniform, which might be because the technique of dropping the antisolvent was not 

correct. In the next step, we optimized the deposition time of antisolvent by choosing 

different pipette tips and adjusting their diameters. As shown in Figure 2.11, we used four 

different tips as well as an injection syringe. The deposition times of the antisolvent for tip 

1, tip 2, the injection syringe, tip 3 and tip 4 range between 0.6 s and << 0.1 s. After 

comparing the resulting SEM images (Figure 2.12), the optimal deposition time of 0.1 s (tip 

4) was selected and used in the film preparation further on. 

 

 

 

 

Figure 2.11. Different tips for optimization of antisolvent time 
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Figure 2.12. SEM images corresponding to different tips. 

 

 

In addition to the SEM images, the use of tip 1, tip 2, tip 3 and the injection syringe 

also leads to wet films that were not transparent, showing unwanted cloud-like structures in 

the middle. 

 

2.3.3 Concentration of the precursor solution 

 

While optimizing the spin-coating conditions lead to improved film quality, there 

are still many big pinholes visible in the SEM images. The following optimization was 

carried out on the whole series of MAxFA1-xPbI3 perovskite films. The 1.4 M MAxFA1-xPbI3 

perovskite precursor solutions were prepared by mixing PbI2 with MAI and FAI 

(formamidinium iodide) with molar ratios of 1:1:0, 1:0.9:0.1, 1:0.7:0.3, 1:0.5:0.5, 1:0.3:0.7 

and 1:0:1, respectively, in 1 ml of the mixed solvent mix of DMSO (30%) and DMF (70%) 

by vigorous stirring at 60 °C. The precursor solutions were spin-coated on the substrates 

and annealed as described above. The SEM images of all the composition films are shown 

in Figure 2.13. As the images show, the precursor concentration of 1.4 M (used originally 

in ref. 43) leads to larger grain size, large numbers of pinholes, more roughness, and overall 

larger morphological nonuniformity. 

Tip2 (yellow) Injection (syringe)Tip1 (blue)

Tip4 (blue half-cut)Tip3 (blue more than half cut)
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Figure 2.13. SEM images of MAxFA1-xPbI3 for 1.4M precursor solution 

 

 

In the next step, we have decreased the precursor concentration to 1.0 M from the 

original 1.4 M. The 1.0 M MAxFA1-xPbI3 perovskite precursor solutions were prepared 

accordingly by measuring the accurate weight of MAI, FAI and PbI2 given in Table 2.1. 

 

MAxFA1-xPbI3 MAI (g) FAI (g) PbI2 (g) 

MAPbI3 (Pure MA) 0.16 0 0.46 

MA0.9FA0.1PbI3 (FA 10%) 0.144 0.0172 0.46 

MA0.7FA0.3PbI3 (FA 30%) 0.112 0.0516 0.46 

MA0.5FA0.5PbI3 (FA 50%) 0.08 0.086 0.46 

MA0.3FA0.7PbI3 (FA 70%) 0.048 0.1204 0.46 

FAPbI3 (FA 100%) 0 0.172 0.46 

 

Table 2.1. Solute quantity for MAxFA1-xPbI3 for 1.0 M perovskite precursor solutions 

 

 

 

CB (1.4M Pure MA) CB (1.4M FA 10%) CB (1.4M FA 30%)

CB (1.4M FA 50%) CB (1.4M FA 70%) CB (1.4M FA 100%)
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The SEM images of all the composition films prepared with the 1.0 M precursor 

concentration are shown in Figure 2.14. Compared to the 1.4 M concentration the films look 

overall better. Even though the crystal grains are smaller the films are more homogeneous 

with far less pinholes.   

 

 

 

Figure 2.14. SEM images of MAxFA1-xPbI3 for 1.0 M precursor solution 
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2.3.4 Choice of antisolvent 

 

In an attempt to further improve the film quality, we used several different 

antisolvents, such as isopropyl alcohol (IPA), toluene, diethyl ether, and ethyl acetate, and 

compared their effect on the films structure with that of chlorobenzene. The basic 

parameters of the antisolvents, such as polarity and boiling points, are shown in Table 2.2 

 

 

Antisolvent Boiling point (ºC) Dipole moment (D) 

Isopropyl alcohol (IPA) 82.6 1.58 

Toluene 111 0.38 

Diethyl ether 34.6 1.15 

Chlorobenzene 131 1.69 

Ethyl acetate 77.1 1.78 

 

Table 2.2. Boiling point and dipole moment of commonly used antisolvent in perovskite 

 

The films were prepared by the optimized procedure described above. The SEM 

images of the MA0.5FA0.5PbI3 (FA 50%) films prepared with IPA, toluene and diethyl ether 

are shown in Figure 2.15. The SEM images for the whole series of the film compositions 

prepared using the ethyl acetate antisolvent are shown in Figure 2.16.  

 

 

Figure 2.15. SEM images of MA0.5FA0.5PbI3 (FA 50%) films prepared with IPA, toluene 

and diethyl ether 

Ether (FA 50% 1M)IPA (FA 50% 1M) Toluene (FA 50% 1M)
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Figure 2.16. SEM images for the whole series of the film compositions prepared using the 

ethyl acetate antisolvent 

 

 

As we can see in the above SEM images, ethyl acetate is the most promising 

antisolvent of all the solvents used. The crystal formation is very uniform, the grain size 

distribution is smallest and the surface area is fully covered. Also, we can clearly see that 

there are very few pinholes in each sample. As ethyl acetate dissolves a considerably higher 

amount of water than other studied antisolvents, it could dissolve the moisture in the air 

more efficiently during spin coating to preclude any reaction between moisture and 

perovskite materials even at relatively humid conditions. Also, the low dipole moment of 

the antisolvent (such as toluene) leads to intermediate phase formation (with DMSO) that 

produces larger grains. But moderate dipole moment of the antisolvent (such as 

chlorobenzene) leads to direct crystallization that produces smaller grains. Larger grains 

sometimes can have gaps in between them and smaller grains have more grain boundaries. 

From that point of view, ethyl acetate is one of the promising antisolvents for perovskite 

film fabrication. 
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2.4 Conclusions 
 

In this Chapter, we have given the point of view toward the morphology optimization 

of the perovskite absorber layer and compositional development of halide perovskites 

towards homogeneous and long-term stable organic–inorganic hybrid perovskite films. We 

discussed the impact of annealing temperature, precursor solution engineering, spin coating 

parameters, the addition of antisolvent, compositional engineering, and solvent engineering 

on the optimization of morphology and material properties of perovskites towards the highly 

efficient and stable thin film. The effect of all these optimization treatments directly impacts 

the grain sizes. Hybrid perovskites with larger grain sizes and fewer pinholes have been 

produced, potentially reducing charge non-radiative recombination.107 
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photoluminescence dynamics in a series of 
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3.1 Introduction 
 

Perovskite solar cells are improving very rapidly, reaching over 25% power 

conversion efficiency1,2 in the last few years. Initially, methylammonium lead halides 

(CH3NH3PbX3; hereafter denoted as MAPbX3, where MA = CH3NH3
+ and X = Cl-, Br-, or 

I-), have attracted attention for photovoltaic applications and have generated an extensive 

body of work in the literature on the unique properties of these rediscovered materials.3 

Recently, mixed ion hybrid perovskites have been introduced in which the anion I- is mixed 

with Br- and Cl-, or the cation MA+ is mixed with formamidinium (FA+), Rb+ or Cs+. In 

addition, Pb+ can be substituted with Sn+ and more combinations have been attempted as 

well.4 These developments represent a new phase in the perovskite solar cells research. 

Currently, the promising material appears to be triple cation (containing Cs+, MA+ and FA+, 

with high FA ratio) perovskite with mixed anions (I- and Br-).2,3 The goal of systematically 

mixing the ratios5,6 of these materials is to improve both the performance and ambient 

stability, but there are still several major drawbacks7-22 to their practical use. These materials 

are largely limited by the grain boundaries13,14 and by the presence of defects8,9,15,22 that can 

trap photo-generated charge carriers10,11,16 and lead to their non-radiative recombination12,17-

20 and structural heterogeneity.15,16,21 

Fluorescence microscopy in combination with other techniques has served as a 

powerful tool to find nanoscale structure−function relationship in a variety of materials23 

including perovskite thin films24,25 and has provided insight into potential sources of 

nonradiative loss20,21 and heterogeneity in perovskites.14,15 Further studies using 

photoluminescence (PL) and electroluminescence (EL) imaging and spectroscopy have 

revealed the local photophysics of a variety of other perovskite materials such as micro- and 

nanocrystals or quantum dots.26-38 Effective utilization of these fluorescence techniques can 

give access to local energy transport, grain boundaries and charge pathways to help 

rationally control these fundamental processes and improve the efficiency of solar cells, 

light-emitting diodes or lasers.39-41  

However, whether carrier transport or recombination dominates the optoelectronic 

heterogeneity is still unclear.40 For example, there have been reports that PL intensities and 

lifetimes varied between different grains in the same sample and that grain boundaries were 

generally dimmer and exhibited faster photoluminescence decays.13,14,42 On the other hand, 

other groups interpreted similar local variations in PL intensity as variations in nonradiative 
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recombination rates due to heterogeneous distributions of surface traps.15,16,21 The origins 

of the PL heterogeneity in perovskites and the existence of structural and electronic barriers 

to lateral carrier diffusion in perovskite film are important topics that affect the performance 

of perovskite solar cells and other perovskite optoelectronic devices, and in addition, affect 

the analysis of many other experiments including the extraction of fundamental properties 

such as conductivity and charge carrier density.  

To address these important questions, we used wide-field fluorescence microscopy 

to better understand the interplay between local nonradiative recombination and structural 

heterogeneity in explaining the PL properties of mixed cation hybrid perovskites. While in 

situ microscopic observation has brought valuable insight into the anion exchange 

mechanism in mixed anion perovskites35,36 there have been no attempts so far to characterize 

on nanoscale level the mixed cation materials. We investigated the PL fluctuations and local 

PL spectra in a series of MA1-xFAxPbI3 polycrystalline films of ~ 450 nm thickness with 

changing FA ratio from 0% (x = 0) to 100% (x = 1) using two different antisolvents, 

chlorobenzene (CB) and ethyl acetate (EA).43,44 The films unexpectedly show PL blinking 

which is correlated over micrometer scale distances, as well as distributions of local PL 

spectra in the mixed films reflecting the local compositional heterogeneities. 

3.2 Experimental methods  

3.2.1 Sample preparation 

 

The perovskite films are prepared on a layer of PEDOT-PSS deposited on 

microscope cover glass. Films prepared using both CB and EA generally show good 

crystallinity. The film preparation procedure was optimized by adjusting the concentration 

of the precursor and by selection of the antisolvents, as detailed below.  

Synthesis of mixed MA/FA perovskite films: MAxFA1-xPbI3 perovskite films have 

been synthesized by the method reported before43 with some modifications. In brief, a 

microscope cover glass freshly cleaned with acetone, isopropanol and deionized water has 

been used as a substrate. A 40 nm thick layer of PEDOT: PSS (Clevios P AI4083, H. C. 

Starck) was spin-coated (at 4000 rpm for 40 s) on the glass substrate and annealed at 150 °C 

for 15 min. On top of that the perovskite layer was deposited. For that, a series of 1M 

perovskite precursor solutions were prepared by mixing PbI2, MAI (methylammonium 
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iodide) and FAI (formamidinium iodide) with molar ratios of 1:1:0, 1:0.9:0.1, 1:0.7:0.3, 

1:0.5:0.5, 1:0.3:0.7 and 1:0:1, respectively, in 1 ml solvent mix of DMSO (20%) and DMF 

(80%) by vigorous stirring at 60 °C. The precursor solutions were spin-coated on the 

substrates at 1000 rpm for 10 s followed by 5000 rpm for 30 s. In the last 10 s of the 5000 

rpm spinning, 100 μL of chlorobenzene (CB) or 100 μL of ethyl acetate (EL) were dropped 

on the films as antisolvents. The perovskite films were annealed at 100 °C for 40 min. The 

film thickness was around 450 nm. The above preparation conditions are a result of 

optimization of the original method of the ref. 43. The precursor concentration of 1.4 M 

used in ref. 43 lead to larger grain size, but the films showed large numbers of pinholes as 

shown in Figure 2.13, more roughness and overall larger morphological heterogeneity. 

 

3.2.2 SEM Characterization 

 

Scanning electron microscopy (SEM) was performed using JSM-7500F (JEOL Ltd.) 

on all the samples. The SEM images of the MA/FA series (0% - 100%) of the films prepared 

with the CB and EA antisolvents were described in Chapter 2 and shown in Figures 2.14 

and 2.16.  
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3.2.3 UV-Vis absorption and bulk PL spectra  

 

The UV–Vis absorption spectra were measured using V760 (Jasco) absorption 

spectrometer. The absorption spectra for the series of MA/FA series (0% - 100%) of the 

films prepared with the CB and EA antisolvent are shown in Figure 3.1. Bulk sample PL 

spectra were measured using Quantaurus-QY (Hamamatsu Photonics) system. The system 

is equipped with a xenon lamp as the excitation source, a monochromator, an integrating 

sphere, and a multichannel detector. 

 

 

 

 

Figure 3.1. Absorption spectra of the perovskite films 
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3.2.4 Outline for microscopy characterization  

 

We use fluorescence microscopy as shown schematically in Figure 3.2 to study the 

nanoscale PL properties (local nanoscale intensity and spectra) of a series of mixed cation 

perovskite MA1-xFAxPbI3 films. 

 

 

 

Figure 3.2. Schematic diagram of microscopic study on perovskite films. 

 

 

Fluorescence microscopy and spectroscopy: 

Fluorescence from the perovskite films was measured using an inverted microscope (IX 71, 

Olympus). The excitation light was the 442 nm line of a continuous wave He-Cd laser 

(Kimmon). The excitation power measured at the microscope stage was on the order of 26 

W/cm2. Fluorescence was collected by an oil immersion objective lens (UplanFLN 100×, 

N.A. 1.3, Olympus) and passed through a set of a dichroic mirror and a long-pass filter. For 

the spectral measurements the signal was further dispersed using an imaging spectrograph 

(CLP-50LD, Bunkou Keiki). The spectrograph uses a flipping mirror (in front of the grating) 

which, when used, relays the microscopic image to the CCD camera. In this imaging mode 

an emitting spot in the film is brought into the center of the image, the spectrograph slit is 

closed and the mirror is removed. The fluorescence signal falling into the vertical slit is 

spectrally dispersed, and at the vertical position of the film provides the local fluorescence 

spectrum. Fluorescence was detected with an electron-multiplying (EM) CCD camera (iXon, 
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Andor Technology) with an exposure time of 30 ms for blinking and of 50 ms for spectral 

measurements.  

 

Data analyses:  

Single-particle imaging and spectroscopy data were analyzed using ImageJ2 (NIH) and Igor 

Pro 5.05A. PL intensity traces were obtained from each marked spot. Here, we integrated 

the intensity over the whole spot and subtract the averaged background. The background 

was obtained from the area around the respective spots. Resultant traces were used for 

further analysis. The intensity time trajectories from a well-separated emission spot (5 × 5 

pixels) were obtained using ‘Z-profile’ in ImageJ and data were exported in TIFF format 

for further analysis. Only those emissive spots showed characteristic emission of MAX/FA1-

XPbI3 thin films and microcrystal emission signature. PL spectral profiles from spectrally 

resolved images were obtained by integrating 5 pixels along with vertical (position) 

direction and an average background of the same dimension was subtracted to obtain the PL 

spectrum. The spectrograph was calibrated using several laser lines. The spectral 

information such as peak positions and full width at half maximum (FWHM) for each spot 

was obtained by fitting with a Gaussian function. 

3.3 Results and discussion 

3.3.1 Perovskite film characterization 

 

For the CB antisolvent, the films occasionally contain pinholes and the grains are 

smaller and have more elongated shapes (as shown in the examples in Figure 3.3a, b for FA 

30% SEM images. The average grain sizes evaluated from the SEM images (Figure 3.3c) 

are on the order of few hundreds of nm and are larger for the EA antisolvent for all 

compositions, with maximum values for the FA 30% to FA 50% range. We note, however, 

that the SEM data presented are measured only from the film surfaces and do not provide 

any information on the grain structure and grain interfaces inside the bulk of the films. The 

film absorption spectra (Figure 3.3d) show features typical for this type of perovskite 

material.5  
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Figure 3.3. (a), (b) SEM images of FA 30% films prepared using chlorobenzene (a) and 

ethyl acetate (b) antisolvents. (c) Average crystal grain size as a function of FA content 

evaluated from the SEM images. (d) Absorption spectra of the FA 30% films.  

 

 

The bulk PL spectra of the films show continuous red shift with increasing FA 

content for both antisolvents (Figure 3.4 a-f for EA, Figure 3.5 a-f for CB), similar to 

previous reports.5 The PL peaks for the FA 0%, FA 10%, FA 30%, FA 50%, FA 70% and 

FA 100% are at 785 nm, 792 nm, 801 nm, 809 nm, 819 nm and 824 nm for CB, and similarly 

at 784 nm, 793 nm, 802 nm, 810 nm, 817 nm and 823 nm for EA, respectively. The peak 

positions and full-width-at-half-maxima (FWHM) are plotted in Figure 3.4g and Figure 3.5g.  
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Figure 3.4. (a)-(f) Bulk PL spectra (solid grey lines) and histograms of local PL spectral 

maxima (red bars) for different compositions of films prepared using the EA antisolvent. 

The blue lines indicate the positions of the distribution peaks for FA 0% and FA 100% 

samples. (g) PL spectral maxima (red symbols) and FWHM (blue symbols) obtained from 

the bulk film PL spectra in (a)-(f) for the different compositions. (h) Example of 2D spectral 

plot (position vs. wavelength) for a selected location in the FA 30% film. 
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Figure 3.5. (a)-(f) Bulk PL spectra (solid grey lines) and histograms of local PL spectral 

maxima (blue bars) for different compositions of films prepared using the CB antisolvent. 

The red lines indicate the positions of the distribution peaks for FA 0% and FA 100% 

samples. (g) PL spectral maxima (red symbols) and FWHM (blue symbols) obtained from 

the bulk film PL spectra in (a)-(f) for the different compositions. (h) Example of 2D spectral 

plot (position vs. wavelength) for a selected location in the FA 30% film. 
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antisolvents. The broadest distributions are found for the FA 50% samples. For both CB and 

EA these distributions stretch from 794 nm to 824 nm, thus covering the whole spectral 

range corresponding to all compositions from FA 0% to FA 100%. The examples in Figure 

3.4h and Figure 3.5h show that such spectral diversity can be observed within 10 µm region 

of the film. The nanoscale spectral distributions in the mixed ion films are an unexpected 

result and provide evidence of local compositional heterogeneity of the films. In particular, 

the FA 50% samples contain purely MA domains (FA 0%-like spectra), purely FA domains 

(FA 100% -like spectra) and domains composed of mixed MA/FA cations of varying ratios. 

The existence of the nanoscale spectral distributions also helps to explain the larger FWHM 

of the bulk spectra of the mixed ion samples (Figure 3.4g and Figure 3.5g) 

One possible origin of the compositional heterogeneity could be migration of the 

cations with the films. We checked for such possibility on two different time scales. First, 

we looked at spectral stability from individual spots over the periods of tens of seconds but 

found no signs of spectral diffusion which would point to local compositional changes. 

Second, we measured the spectral distribution of the FA 50% samples on the day the 

samples were prepared, and then checked the distributions again after 3 weeks. We have not 

observed any differences between the distribution widths over the prolonged periods of time. 

This result suggests that the compositional heterogeneity is a result of the film fabrication 

process and that the as-prepared film is structurally stable without any signs of cation 

migration. 

The fact that we observe PL spectra covering the whole range of wavelengths 

indicates that reabsorption (or photon recycling) is not effective despite the favorable 

overlap of the high-energy domain PL spectra with the low-energy domain absorption. One 

reason for this might be that we detect emission mainly from the interface between the 

perovskite film and the PEDOT layer, that is, emission propagating away from the bulk of 

the film. The situation could be different for PL passing the thickness of the film where the 

shorter-wavelength emission could be reabsorbed. On the other hand, this suppression of 

the reabsorption on the surface gives us the opportunity to spectrally detect the 

compositional heterogeneity of the films. 

   Apart from reabsorption, another closely related process is resonant energy 

transfer from the high-energy domains to the low-energy ones. The conditions for this 

process (spectral overlap) are also favorable, and energy transfer can happen in the plane of 

the film surface. Such efficient energy transfer could prevent emission from the high-energy 
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domains by funneling all the excitation to the lowest energy ones which would be emitting. 

The fact that we do observe the whole range of PL spectra indicates that this funneling is 

not taking place in the films.  

 

3.3.3 PL blinking 

 

Another unexpected observation from the microscopic PL characterization is that 

many of the bright emission spots show PL intensity fluctuations, so called blinking. PL 

blinking is readily observed for perovskite nanocrystals and even for microcrystals of 

various shapes17,20,27,33 but rarely in bulk films.15,24 Examples of PL images of the FA 50% 

films for both CB and EA antisolvents are shown in Figure. 3.6a, d. Continuous detection 

of hundreds of such consecutive microscopic images reveals the presence of different 

blinking spots in the samples. Analysis of the images provides PL intensity time traces 

(blinking traces), examples of which are also shown in the Figure 3.6b, e, together with their 

locations. Interestingly, for the examples shown, the blinking from different locations shows 

high degree of correlation. Blinking correlated over the whole area of a single microcrystal 

has been shown before27 but is unexpected for polycrystalline films. Here, the correlation is 

preserved over significant distances. For the example in Figure 3.6a, for FA 50% CB the 

distance from spot 1 to spot 2 is 3.2 µm and that from spot 1 to spot 3 is 4.4 µm. The extent 

of correlation between the blinking traces was evaluated by calculating the Pearson’s 

coefficient. Its value for the blinking traces 1 and 2 is 0.54, and that for the traces 1 and 3 is 

0.58. Similarly, for FA 50% EA in Figure 3.6d the distances between spots 1 and 2, and 1 

and 3 are 2.4 µm and 3.7 µm, respectively, with the corresponding Pearson’s coefficients of 

0.82 and 0.75. Overall, we observe similar trends with comparable degree of correlation in 

all films used in this study. The Figure 3.7 and Figure 3.8 show examples of blinking traces 

for all film compositions for the CB and EA antisolvents, respectively. Similar to Figure 

3.6b, e, each example shows three traces that are correlated to a large extent. The distance 

between the blinking spots is on the order of several µm and the corresponding Pearson’s 

coefficients are summarized in Table 3.1. As seen from the table, for all films we find pair 

of locations that show Pearson’s coefficient larger than 0.4, and for most of the films it is 

larger than 0.5.  
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Figure 3.6. (a), (d) Microscopic PL images of the FA 50% films prepared using CB (a) and 

EA (d) antisolvents. The numbered circles indicate positions where the blinking was 

analyzed. (b), (e) PL intensity time traces (blinking) obtained at different locations in the 

two films, (b) for CB, (e) for EA, including the positions indicated in (a), (d). (c), (f) SEM 

images of the FA 50% films prepared using CB (c) and EA (f) antisolvents. The circles 

illustrate the relative positions of the blinking locations obtained in the PL images on the 

same scale. The circles in PL and SEM images do not indicate the same locations in the 

sample. 
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Table 3.1. Pearson’s coefficients between PL blinking traces at selected locations (spots) 1-

5 in films of different compositions. 

 

 

Figure 3.7. PL intensity time traces (blinking) obtained at different locations in the films of 

different FA content, prepared from the CB antisolvent. The numbers indicate traces from 

different locations that are correlated to a significant extent. The corresponding Pearson’s 

coefficients are presented in Table 3.1. 
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Figure 3.8. PL intensity time traces (blinking) obtained at different locations in the films of 

different FA content, prepared from the EA antisolvent. The numbers indicate traces from 

different locations that are correlated to a significant extent. The corresponding Pearson’s 

coefficients are presented in Table 3.1. 
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Figure 3.9. Schematic diagram of PL fluctuation 

 

 

3.3.4 Mechanism of PL blinking 

 

The correlated PL blinking observed for the perovskite films shows similarities with 

PL blinking of single nano- or microcrystals of different perovskite materials,17,20,27,33 which 

in many cases is correlated over the whole crystal size. It has been argued in literature that 

the blinking in such perovskite microcrystals originates from the presence of a very efficient 

quenching defect (charge trap) which can switch between active and inactive states.17 This 

proposed mechanism is schematically shown in the Figure 3.9. If the trap is inactive (Figure 

3.9a), the neighboring crystal domains in the film absorb light and the photocarriers forming 

the exciton recombine radiatively, leading to high PL intensity (so called ‘on’ state in the 

blinking trace). When the trap switches to an active state the photocarriers excited in its 

vicinity migrate to the trap and recombine non-radiatively, leading to a decrease of PL 

intensity and appearance of the dim (‘grey’) or ‘off’ states in the blinking trace (Figure 3.9b). 

While the physical origin of the switchable active-inactive quencher (trap) is still 

debated and there is no consensus on its nature, the correlated blinking phenomenon itself 

can provide valuable information on the charge (photocarrier) migration in the perovskite 

films. The large degree of correlation of blinking in the examples in Figure 3.6 (as well as 
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in Fig. 3.7 and Figure 3.8) means that in each sample the spots 1-3 share the same efficient 

quencher which has a capture radius of approximately 2 µm (or more). In other words, the 

long-distance correlated blinking points to efficient charge transport over distances on the 

order of 1 µm or more. It is interesting to put the distances between the spots 1-3 into 

perspective with the film microscopic structure. For illustration, the Figure 3.6c, f also 

shows SEM images of the same samples (however, the observation areas in PL and SEM 

images are not correlated). The comparison shows that on the way to the common trap from 

the spots 1-3 the charges have to cross many grain boundaries (on average 8 in the CB 

samples and 9 in the EA samples). The fact that in spite of these large numbers of grain 

boundaries, the blinking of the spots is still largely correlated indicates that the grain 

boundaries themselves do not function as traps and are transparent towards charge migration. 

A similar conclusion has been reached before on related perovskite films.45  

It is interesting to consider the long-range efficient charge transport in context with 

the above-mentioned lack of energy funneling in the films. We have occasionally observed 

the whole range of the PL spectra across the spatial scale of 10 µm (e.g., Figure 3.4h). This 

implies lack of energy communication between individual film domains over micrometer 

distances, in contrast with the observed long-range correlation of the blinking. We note that 

we have previously observed similar lack of energy transfer and at the same time efficient 

charge transport in aggregates of CsPbBr3 nanocrystals over the distances of hundreds of 

nm.26 

 

3.3.5 Dynamic PL quenching 

 

For further analysis we noticed significant differences between the blinking behavior 

of films with different composition. To quantify the differences we chose to evaluate what 

we term potential loss of PL intensity. This is illustrated in the blinking trace from one PL 

spot in Figure 3.10a. The intensity is normalized on a scale 0 – 1, where 1 corresponds to 

the maximum intensity during the blinking ‘on’ event. This value thus represents potentially 

the maximum PL intensity that can be emitted from this spot, and a decrease from this 

intensity in the form of ‘grey’ or ‘off’ events represents the intensity loss. In the Figure 

3.10a this intensity loss is shaded in blue and is evaluated as a fraction of the total integrated 

potential intensity (which would be equal to 1 if the spot emitted with the maximum 

intensity throughout the measurement interval). We realize the shortcomings of this type of 
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analysis – it reflects the dynamic phenomenon of activating-deactivating the quencher, and 

it is monitored over a limited time interval of tens of seconds. It thus cannot account for 

permanent exciton quenching or quenching dynamics occurring with much longer 

timespans. With these limitations in mind we analyzed the blinking behavior for around 60-

70 PL spots in each sample for both antisolvents and plotted the results in histograms in 

Figure 3.10b-g for EA and in Figure 3.11a-f for CB.  It can be seen that the histogram peaks 

shift to lower intensity loss with increasing FA content from FA 0% to FA 50% and then 

start shifting back to higher loss for FA 70% and FA 100%. This trend is apparent from the 

plots of the histogram peaks vs. composition in Figure 3.10h and Figure 3.11g. For both the 

CB and EA antisolvents the minimum potential intensity losses are observed for the mixed 

FA 30% and especially FA 50% samples.  

 

 

 

Figure 3.10. (a) An example of a blinking trace indicating schematically the definition of 

the potential PL intensity loss parameter. (b)-(g) Histograms of the potential PL intensity 

loss obtained for different film compositions prepared using the EA antisolvent. (h) Peaks 

of the distributions in (b)-(g) plotted as a function of the FA content.  
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Figure 3.11. (a)-(f) Histograms of the potential PL intensity loss obtained for different film 

compositions prepared using the CB antisolvent. (g) Peaks of the distributions in (a)-(f) are 

plotted as a function of the FA content. 

 

 

The minimum intensity loss for the FA 50% films means that the dynamic non-

radiative relaxations due to the efficient switchable quencher are most suppressed for these 

samples. At the same time, the distribution of the PL spectra showed that the FA 50% films 

exhibit the largest compositional heterogeneity of all the samples. These seemingly 

contradictory results indicate that the presence of the truly mixed MA1-xFAxPbI3 (x = 0.5) 

domains in the FA 50% films is crucial for the suppression of the dynamic non-radiative 

losses. In addition, the fact that despite the presence of pure MA and pure FA domains in 

these films we do not observe blinking behavior corresponding to these samples is another 

indication of the importance of efficient inter-grain charge transport. The formation of the 

truly mixed phase should be further optimized in the mixed cation film preparation.  
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3.4 Conclusions 
 

In conclusion, we studied nanoscale structural and optical properties of a series of 

mixed cation halide perovskite films using fluorescence microscopy and spectroscopy. The 

use of this technique helped to uncover properties that are otherwise inaccessible using 

conventional characterization methods. In particular, the work surprisingly showed large 

nanoscale compositional heterogeneity of the mixed ion samples, something what was not 

expected from ensemble-level spectroscopy. It also showed that, within the heterogeneity, 

the truly mixed ion domains of the films are the ones least affected by the non-radiative 

losses, and are thus most promising in terms of the solar cell performance. In addition, the 

work showed that irrespective of the antisolvent used for the preparation, grain boundaries 

do not represent barriers for charge transport and do not work as charge traps, enabling 

efficient charge migration over micrometer distances.  
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3.5 Appendix 

3.5.1 Effect of electron transporting layer (ETL) on perovskite films 

photophysics 

 

The current experiments were done on perovskite films grown on a hole-transporting 

layer of PEDOT-PSS. It is interesting to see how the observed characteristics change for for 

perovskites grown on electron-transporting layers. For that we prepared the FA 50% film 

on the electron-transporting layer of SnO2. The results presented in Figure 3.12 indicate that 

the long-distance correlation of blinking is preserved and is the property of the perovskite 

film itself. 

 

 

 

Figure 3.12. Top left: SEM images of perovskite film of the FA 50% composition prepared 

on the SnO2 substrate. Top right: PL image of the same film with the numbers indicating 

locations where correlated blinking traces were detected. Bottom: PL blinking traces; the 

numbers correspond to the locations in the PL image. The Pearson’s coefficient between the 

traces 1 and 2 is 0.78, that between 1 and 3 is 0.85. 
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3.5.2 Effect of antisolvent on the PL blinking 

 

Preparation using antisolvents such as toluene, ether and isopropyl alcohol and the 

precursor concentration of 1 M resulted in films of lower quality, as shown in SEM images 

for the examples of the FA 50% films in the Figure. 3.13. Examples of PL blinking on these 

samples are also shown in the Figure 3.13. As the results show, the various kinds of 

antisolvents do not significantly affect the blinking dynamics. 

 

 

 

Figure 3.13. SEM images of FA 50% perovskite films prepared using different antisolvent 

and precursor concentrations (as indicated below the images), together with examples of 

representative PL blinking traces taken from the respective films. 
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3.5.3 Blinking density measurements 

 

With regards to the PL blinking and the corresponding potential PL intensity loss, 

we also characterized the relative spatial occurrence of the blinking spots by analyzing 

‘blinking density’ of the MA/FA series (0% - 100%) of the films prepared with the EA and 

CB, respectively, as shown in figure 3.14. The blinking density is defined as the ratio of the 

summed area of all blinking spots vs. the measured area. The results are given in the Table 

3.2 and 3.3 for the CB and EA samples, respectively. We can see that the blinking density 

was lowest for the FA (50%) composition in both EA and CB as compared to other 

compositions. Also, for all the EA samples the blinking density was the lower compared to 

the CB samples of the same composition. These results well complement the conclusions 

obtained from the potential PL intensity loss analysis. 

 

 

 

Figure 3.14.  Schematic of blinking density calculation 
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Sample 

(CB) 

Number of 

blinking spots 

Measurement area 

(nm2) 

Summed area of 

the blinking 

spots (nm2) 

Blinking 

density (% ) 

0% 58 632525522 36014738 5.7 

10% 64 632525522 39740400 6.3 

30% 54 632525522 33530963 5.3 

50% 33 632525522 20491144 3.2 

70% 72 632525522 44707950 7.1 

100% 76 632525522 47191725 7.5 

 

Table 3.2. Blinking density calculation of the MA/FA series (0% - 100%) of the films 

prepared with the CB 

 

 

Sample 

(EA) 

Number of 

blinking spots  

Measurement 

area (nm2) 

Summed area of 

the blinking spots 

(nm2) 

Blinking density 

(%)  

0% 34 632525522 21112088 3.3 

10% 44 632525522 27321525 4.3 

30% 32 632525522 19870200 3.1 

50% 21 632525522 13039819 2.1 

70% 67 632525522 41603231 6.6 

100% 68 632525522 42224175 6.7 

 

Table 3.2. Blinking density calculation of the MA/FA series (0% - 100%) of the films 

prepared with the EA  
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4.1 Introduction 
 

Organic-inorganic hybrid perovskite solar cells (PSCs) have attracted considerable 

attention around the world owing to their excellent semiconducting properties. The progress 

in power conversion efficiency improvement of the solar cells has been very rapid, 

overcoming 25% efficiency1,2 in the last few years. The preparation of high-quality and 

long-term stable perovskite thin films is the key to obtaining highly efficient and 

environmentally stable perovskite solar cells. The commonly used technique for the 

fabrication of the perovskite active layer is one-step spin coating, as the method is simple 

and easy to control. However, the films often have incomplete surface coverage and poor 

morphology, which results in nonradiative recombination in the solar cells. So far, solvent 

engineering including the use of antisolvents has been considered one of the most efficient 

ways to control the morphology and crystal structure of perovskite materials and obtain 

highly uniform perovskite film.3 A mixture of N,N-dimethylformamide (DMF), and 

dimethyl sulfoxide (DMSO) is a well-known polar solvent for the preparation of perovskite 

precursor solution. The function of the antisolvent is to remove the high boiling-point 

solvent DMF and form a transparent intermediate (e.g., FAxMA(1-x)I−PbI2−DMSO) from its 

perovskite precursor solution, which leads to a smooth and uniform perovskite films with 

fewer pinholes and with good optoelectronic properties.4  

At the same time, even the most uniform perovskite films have concerns with 

stability in ambient air. When the fabrication is carried out in an environment with the 

uncontrolled presence of humidity or air, the perovskite absorber layer is very sensitive to 

moisture and oxygen and can easily degrade as a result of high humidity either during the 

fabrication process or during device operation. To solve this problem, PSCs are being 

prepared mostly inside inert gas-filled gloveboxes to avoid humidity, which potentially 

increases the solar cell manufacturing costs.5 Therefore, research into the area of fabricating 

perovskite films in ambient air is highly desirable.6-8 In addition, most of the high-

performance reported PSCs are based on toxic antisolvents, such as chlorobenzene, 

methylbenzene, diethyl ether or toluene which is another major issue for the potential 

commercialization of PSCs. As a solution to both the above issues, the use of acetates 

including ethyl acetate (EA) as antisolvents9 has been proposed. EA features relatively low 

toxicity and low boiling point. During the formation of perovskite grains from the precursor 

solution under ambient conditions, the high moisture resistance of acetates can reduce 
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pinholes and achieve complete coverage on the substrate, forming high-quality perovskite 

films.7 

So far, great effort has been spent on the improvement of the stability of the PSCs 

by choice of charge-transporting materials, perovskite compositional engineering, or use of 

a wide array of additives.10,11 On the other hand, less attention has been paid to the long-

term ambient stability of the perovskite films themselves. In terms of compositional 

engineering, mixed cation MA1-xFAxPbI3 with x between 0.3 and 0.8 have shown increased 

stability due to the optimized tolerance factor.12 Further, the use of EA antisolvent has been 

also shown to increase the stability of perovskite films in ambient humidity.6 Using these 

approaches, stability of 80 days for devices without sealing in ambient air with controlled 

humidity has been demonstrated.13  

Here, we report the preparation of mixed cation perovskite films in the air with long-

term stability and characterization of their degradation process by photoluminescence (PL) 

microscopy and spectroscopy over extended periods of time. PL microscopy has been a 

powerful tool to find the relationship between nanoscale structure and properties in a variety 

of perovskite materials14 including films15-18 and micro-/nanocrystals.19,20 We show that 

MA1-xFAxPbI3 films with x of 0.3 and 0.5 prepared in air using EA antisolvent are 

compositionally stable in ambient air for more than a year. The onset of degradation in these 

films is characterized by in-situ PL spectra which reveal emission of the decomposition 

intermediates. 

4.2 Experimental Section 
 

Synthesis of mixed MA/FA perovskite films: 

MA1-xFAxPbI3 films with x = 0, 0.3 and 0.5 were synthesized as reported before.15 Prior to 

the perovskite synthesis, a freshly cleaned microscope cover glass was spin-coated (at 4000 

rpm for 40 s) with 40 nm thick layer of PEDOT: PSS (Clevios P AI4083, H. C. Starck) and 

annealed at 150 °C for 15 min. To prepare the perovskite film on top of the PEDOT:PSS, 

1M perovskite precursor solutions were prepared by mixing PbI2, MAI (methylammonium 

iodide) and FAI (formamidinium iodide) with molar ratios of 1:1:0, 1:0.7:0.3 and 1:0.5:0.5, 

respectively, in mixed solvent of DMSO (20%) and DMF (80%) by stirring at 60 °C. The 

precursor solutions were spin-coated on the substrates at 1000 rpm for 10 s followed by 

5000 rpm for 30 s. Antisolvents were applied in the last 10 s of the 5000 rpm spinning, by 
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dropping either 100 μL of ethyl acetate (EA) or 100 μL of chlorobenzene (CB). The 

deposition time of the antisolvent was optimized by choosing different pipette tips and 

adjusting their diameters. The time range between 0.6 s and << 0.1 s was tested, and the 

optimal deposition time of 0.1 s was used in the film preparation. The films were then 

annealed at 100 °C for 40 min. The film thickness was around 450 nm, as measured by SEM. 

Absorption spectra and XRD has been measured to confirm the presence of perovskite in 

the  aged films.  

PL microscopy and spectroscopy: The setup for the PL characterization was 

described previously.15 Briefly, PL from the perovskite films was measured using an 

inverted microscope (IX 71, Olympus) with 442 nm cw laser excitation. The signal was 

collected by an oil immersion objective lens (UplanFLN 100×, N.A. 1.3, Olympus) and 

detected with an electron-multiplying (EM) CCD camera (iXon, Andor Technology) with 

an exposure time of 30 ms for blinking and of 50 ms for spectral measurements. For the 

spectral measurements the signal was dispersed using an imaging spectrograph (CLP-50LD, 

Bunkou Keiki) placed between the microscope and the CCD camera. 

4.3 Results and discussion 

4.3.1 Structural characterization  

 

The MA1-xFAxPbI3 films with x = 0, 0.3 and 0.5 were prepared on PEDOT-PSS layer 

using one-step spin coating followed by the application of the antisolvent, as reported 

before.15 The antisolvent application step was optimized with respect to the deposition time. 

Apart from the EA antisolvent, chlorobenzene (CB) was used as a reference. After annealing 

the resulting film thickness was on the order of 450 nm. The films were kept in ambient 

conditions with air humidity ranging between 40% and 60% and in ambient light for 

prolonged periods of time. The films prepared 12 months ago, 9 months ago, 6 months ago, 

as well as freshly prepared films were then compared, and their properties examined. 

The Figure 4.1 shows photographs of the x = 0, 0.3 and 0.5 films (denoted as FA 

0%, FA 30% and FA 50%, respectively) prepared using EA and for comparison the FA 50% 

film prepared using CB, at different stages of aging. The remaining compositions prepared 

using CB are shown in Figure 4.2. The size of each sample in the figures is 24 x 24 mm. 

The FA 0% (EA) , as well as all the CB sample (FA 0% (CB), FA 30% (CB), and FA 50% 
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(CB) films, show a color change from brown to yellow after 6 months, and further color 

bleaching as the aging proceeds. Compared to that, the FA 30% (EA) and FA 50% (EA) 

films keep their original brown color throughout the 12 months period. The effect of aging 

can be seen as slightly lighter color pattern mainly near the edges of the films but overall, 

the films retain their original appearance. 

 

 

 

Figure 4.1. Photographs of perovskite films of prepared on 24 x 24 mm microscope cover 

glass at different stages of aging from 1 day to 12 months. The perovskite compositions and 

antisolvent used are indicated in the Figure (EA: Ethyl acetate).  
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Figure 4.2. Photographs of perovskite films of prepared on 24 x 24 mm microscope cover 

glass at different stages of aging from 1 day to 12 months. The perovskite compositions and 

antisolvent used are indicated in the Figure (CB: Chlorobenzene).  

 

 

 To check the corresponding changes in the film morphology we carried out SEM 

imaging near the center of the films for the FA 0% (EA), FA 30% (EA) and FA 50% (EA) 

samples, as presented in Figure 4.3. All fresh films show good crystal quality with very few 

pinholes, which is largely retained for the FA 30% (EA) and FA 50% (EA) after 6 months. 

In the FA 0% (EA) sample the crystal morphology starts progressively disappearing even 

after 6 months, and the 12 months sample does not show any of the original film structure. 

Compared to that, for the FA 30% (EA) and FA 50% (EA) samples the individual crystal 

grains appear to coalesce into larger ones, but the crystal morphology is still visible even 

after 12 months, especially in the FA 30% (EA) sample. 
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Figure 4.3. SEM images of the perovskite films of different compositions prepared using 

the EA antisolvent at the same stages of aging as in (a). The images are taken from the 

centers of the films, the scale bars are 500 nm. 

 

4.3.2 UV-Vis absorption and XRD characterization 

 

To examine changes in the electronic structure of the samples due to aging we have 

measured the UV–Vis absorption spectra of the FA (0%) films prepared at different stages 

of aging and compared them with the spectra of PbI2 film, as shown in the Figure 4.4a.  
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Figure 4.4.  (a) Absorption spectra of the FA (0%) films at the different stages of aging; (b) 

XRD data of the FA(0%) and FA(50%) films for fresh samples (top) and 12 months old 

samples (bottom). 

 

The absorption spectra show the clear band edge typical of perovskites, even after 12 months. 

However, the aging caused a gradual decrease of absorbance with time. To get further 

insight into the structural changes related to aging we measured XRD as shown in Figure 

4.4b of the fresh and 12 months old FA(0%) and FA(50%) samples. In the results, we can 

see that in the fresh samples there are peaks appearing around 14º which is a characteristic 

perovskite peak. The peaks appearing below ~ 14º in the 12 months old FA(50%) sample 

could originate from 2D perovskite layers.  
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4.3.3 Microscopic PL characterization 

 

To study the effect of aging on the compositional stability of the perovskite films we 

carried out microscopic in-situ PL spectroscopy of the samples. The PL is excited with 442 

nm laser and spectra are recorded from diffraction-limited size locations across the films. 

The results for the 12 months EA samples are shown in Figure 4.5  

 

Figure 4.5. Spectroscopic characterization of the degradation process. (a)-(c) Photographs 

of perovskite films of different compositions as indicated in the Figure taken 12 months 

after the films fabrication. The squares and arrows indicate symbolically the areas used for 
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the spectral measurements. (d), (g), (j) Representative 2D PL spectral plots (position vs. 

wavelength) for central locations in the respective films. (m), (p), (s) Same plots for 

locations close to the film edges. (e), (h), (k) Examples of typical PL spectra taken in central 

locations in the respective films. (n), (q), (t) Same PL spectra taken in locations close to the 

film edges. (f), (i), (l) Histograms of local PL spectral maxima (blue and red bars) measured 

in central locations in the respective films. The red lines indicate the positions of the 

distribution peaks for FA 0% and FA 100% samples. Bulk PL spectra of freshly prepared 

films of the respective composition are shown by solid grey lines. (o), (r), (u) Same 

histograms obtained from spectra measured in locations close to the film edges. 

 

 

Here, we measured and analyzed separately the center areas of the films (5 x 5 mm) 

and the areas close to the edges. The two types of locations are schematically indicated in 

the photographs of the films in Figure 4.5a-c. For the FA 30% (EA) and FA 50% (EA) 

samples, the center areas show exclusively spectra corresponding to the mixed cation 

perovskite phase. Examples of such spectra at different locations in the film spanning more 

than 25 μm are plotted as 2D spectral plots (position vs. wavelength) in Figure 4.5g, j. These 

plots show distributions of the PL peaks within the spectral range of the corresponding 

perovskite composition. Typical PL spectra exhibiting a single peak are shown in Figure 2h, 

k. We further analyzed the spectral peak positions (by Gaussian fitting) for a statistical 

sample of locations and plotted their distributions as histograms in Figure 4.5i, l, together 

with bulk PL spectra of the corresponding freshly prepared films. Both FA 30% (EA) and 

FA 50% (EA) samples show broad distributions of the local PL spectral peaks, with the 

distribution maxima corresponding to the bulk PL spectral peaks. The distribution is broader 

for the FA 50% (EA) sample where it spans a range from 790 nm to 825 nm. This range 

covers the whole spectral range of all compositions from FA 0% to FA 100%, as reported 

before.15 This result is evidence of local compositional heterogeneity of the films and means 

that the FA 50% (EA) samples contain purely MA domains (FA 0%-like spectra), purely 

FA domains (FA 100% -like spectra) and domains composed of mixed MA/FA cations of 

varying ratios. The wavelengths corresponding to the FA 0% and FA100% compositions 

are marked in the histograms by red lines. Compositional heterogeneity is found in the FA 

30% (EA) films as well, but in this case the longest-wavelength components (corresponding 

to FA100%) are missing in the histogram. We have reported such compositional 
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heterogeneity for freshly prepared samples before15 and it is interesting to observe how the 

heterogeneity evolves with aging of the samples.  

Histograms of the PL peak positions for all three samples (FA 0% (EA), FA 30% 

(EA) and FA 50% (EA)) in the film center areas are shown in Figure 4.6 at different stages 

of aging, i.e., from fresh to 6 months, 9 months and 12 months. Most interestingly, the 

wavelength ranges of the distributions for the FA 30% (EA) and FA 50% (EA) samples 

have not changed over the period of one year, and the shapes of the histograms at different 

times are also similar. This means that the samples (in their center areas) are compositionally 

stable for at least one year, and that there is no observable cation migration over this period 

that would change the shape of the histograms, shift their positions, or cause appearance of 

FA 100% components in the FA 30% (EA) samples.  

 

 

 

Figure 4.6. Histograms of local PL spectral maxima (blue and red bars) measured in central 

locations in the respective films at different stages of aging, as indicated in the Figure. The 

red lines indicate the positions of the distribution peaks for FA 0% and FA 100% samples. 

Bulk PL spectra of freshly prepared films of the respective composition are shown by solid 
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grey lines. The percentage numbers indicate the fractions of the degradation product spectra 

with respect to the spectra of the perovskites. 

PL spectral data for center area of the 12 months old FA 0% (EA) sample (which is 

apparently degraded in the Figure 4.1) are shown in Figure 4.5d-f. The 2D spectral plots as 

well as the typical PL spectrum show peaks around 785 nm corresponding to pure MAPbI3 

perovskite phase from all measured locations. This is a surprising result since in the film 

appearance and SEM images the sample looks completely degraded. In addition, there are 

broader PL peaks with higher intensity which are shifted to the blue from the perovskite 

peaks. Histogram of the PL spectral peaks shown in Figure 4.5f confirms a narrow 

distribution of the perovskite peaks at 785 nm and broad distribution of the blue-shifted 

band which spans a range from 641 to 759 nm. We assume that the blue shifted PL originates 

from products of the degradation process.  

Similar features are observed for the PL spectra of all samples taken from the edges 

of the films. For the FA 30% (EA) and FA 50% (EA) samples (Figure 4.5p-u) the main 

fraction are PL spectra corresponding to the mixed cation perovskite phase. Distribution of 

these spectra are similar to those obtained from the center areas and for the FA 50% (EA) 

sample cover the whole spectral range of all mixed cation compositions. The blue-shifted 

spectra are distributed between 680 and 711 nm and their fraction is larger for the FA 50% 

(EA) sample. This result indicated that on microscopic scales there are domains which are 

compositionally stable as well as domains which are degrading. Since occasionally both 

types of spectra are observed from the same diffraction limited spot, the size of the domains 

can be smaller than that, less than ~ 200 nm. The spectral data for the FA 0% (EA) sample 

(Figure 4.5m-o) closely resemble those of the center area, i.e., show similar narrow 

distribution of the pure MAPbI3 phase at 785 nm and broad distribution of the blue-shifted 

peaks between 639 and 758 nm. 
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Figure 4.7. Histograms of local PL spectral maxima (blue and red bars) measured in 

locations close to the edges of the respective films at different stages of aging, as indicated 

in the Figure. The red lines indicate the positions of the distribution peaks for FA 0% and 

FA 100% samples. Bulk PL spectra of freshly prepared films of the respective composition 

are shown by solid grey lines. The percentage numbers indicate the fractions of the 

degradation product spectra with respect to the spectra of the perovskites. 

 

 

Evolution of the PL spectral distributions taken from the film edges during the aging 

process is shown in Figure 4.7. Similar to the center areas, for the FA 30% (EA) and FA 

50% (EA) samples the wavelength ranges of the distributions and the peaks of the 

histograms are mostly stable over the observation period. For the FA 30% (EA) sample we 

observe slight widening of the histogram without a change of the wavelength range, caused 

by increased fraction of spectra in the wings of the distributions from fresh to 12 month 

samples. This points to some degree of the cation migration which leads to an increase of 

the pure MA phase and corresponding increase of the FA rich phase. In contrast to that, the 

blue shifted PL is increasing with the aging, in agreement with the assumption that this PL 

Near edges

Fig. S3

O
c
c
u
rr

e
n
c
e
 (

a
.u

.)

900800700600
Wavelength(nm)

FA 30% (EA) fresh

O
c
c
u
rr

e
n
c
e
 (

a
.u

.)

900800700600
Wavelength(nm)

FA 30% (EA) 6 months

O
c
c
u
rr

e
n
c
e
 (

a
.u

.)

900800700600
Wavelength(nm)

FA 30% (EA) 9 months

O
c
c
u
rr

e
n
c
e
 (

a
.u

.)

900800700600
Wavelength(nm)

FA 30% (EA) 12 months

O
c
c
u
rr

e
n
c
e
 (

a
.u

.)

900800700600
Wavelength(nm)

FA 50% (EA) fresh

O
c
c
u
rr

e
n
c
e
 (

a
.u

.)

900800700600
Wavelength(nm)

FA 50% (EA) 6 months

O
c
c
u
rr

e
n
c
e
 (

a
.u

.)

900800700600
Wavelength(nm)

FA 50% (EA) 9 months

O
c
c
u
rr

e
n
c
e
 (

a
.u

.)

900800700600
Wavelength(nm)

FA 50% (EA) 12 months

O
c
c
u
rr

e
n
c
e
 (

a
.u

.)

900800700600
Wavelength(nm)

FA 0% (EA) fresh

O
c
c
u
rr

e
n
c
e
 (

a
.u

.)

900800700600
Wavelength(nm)

FA 0% (EA) 6 months

O
c
c
u
rr

e
n
c
e
 (

a
.u

.)

900800700600
Wavelength(nm)

FA 0% (EA) 9 months

O
c
c
u
rr

e
n
c
e
 (

a
.u

.)

900800700600
Wavelength(nm)

FA 0% (EA) 12 months

48%36%28%0%

40%42%20%0%

100%100%100%0%



 

 

 

111 

is due to the degradation product. The fraction of the blue-shifted emission spectra relative 

to the perovskite spectra is shown as percentage points in the Figures 4.6 and 4.7. In both 

FA 30% (EA) and FA 50% (EA) samples it is increasing from ~ 20% (in the FA 30% (EA) 

sample) to close to 50% (in the FA 50% (EA) sample). The evolution of the PL spectra of 

the FA 0% (EA) sample is similar both at the film center and at its edges. Compared to the 

mixed cation samples, the fraction of the blue shifted PL is constant with aging after 6 

months, i.e., every location examined shows the degradation product spectra. 

 

4.3.4 Proposed mechanism of the degradation process 

 

Studies on the degradation mechanism of perovskite films and solar cells20-27 

commonly conclude that the final product of the degradation is PbI2 which is formed via 

several intermediates. PbI2 as the degradation product has been identified also by low-

temperature PL spectroscopy.28 We attempted to detect the PL from PbI2 in the spectral 

range of its peak emission around 520 nm but failed to detect any spectral band that could 

be identifiable with PbI2 even with single-molecule level detection sensitivity. The only 

degradation products we detect in all samples are spectrally located between 632 and 760 

nm. 

 

  

 

Figure 4.8. Crystal structure of 2D MAn-1PbnI3n (n = 1–7) (reproduced from ref. 35 with 

permission). 
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Figure 4.9. PL emission spectra of 2D MAn-1PbnI3n series (n = 3–7, ∞) (reproduced from 

ref. 35 with permission). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Schematic mechanism of the 3D perovskite degradation. Initially, oxygen 

induced degradation of an MA+ ion creates a MA vacancy (top left). Degradation proceeds 

by MA+ migration into the created vacancies or by further MA+ decomposition (top right). 

As a result, 2D layered perovskite of varying thickness is formed in the degraded location 

in the film (modified from ref. 38 with permission). 
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Blue shifted PL spectra in similar spectral range as that observed here have been 

reported before. The appearance of PL in a broad range between 600 and 760 nm during the 

formation of MAPbI3 films29,30 was explained by initial growth of small nanocrystals which 

continue to form the films by Ostwald ripening.29 Quantum confinement in MAPbI3 

nanocrystals has been shown to produce PL with emission peak between 650 and 760 nm.31 

However, in our films we have not observed any nanocrystal formation with aging in the 

SEM images – on contrary, the crystal grains tend to coalesce and form larger structures. 

The origin of the blue shifted emission due to quantum confinement in nanocrystals is thus 

unlikely. Alternatively, blue-shifted PL has been ascribed to emission of trap sites at the 

interface between PbI2 and MAPbI3.
32 Such PL has been shown to disappear with increasing 

excitation intensity, but in our case we do not observe any intensity dependence of the ratio 

of the blue-shifted and perovskite PL, and thus we exclude the trap origin of the blue-shifted 

PL. 

Most likely candidates for the degradation intermediates that give rise to the blue-

shifted PL are 2D-layered perovskite sheets.33,34 The structures of the 2D analogues 

(obtained from high-resolution X-ray analysis) of the 3D perovskite MAPbI3 are 

schematically shown in the Figure 4.8 for the number of layers n = 1 ~ 7. It has been known 

that the 2D perovskites work as quantum wells with quantum confinement effective in 1 

dimension, and that depending on the 2D sheet thickness (given by the number of layers) 

the PL spectral peaks can vary between 525 and 713 nm.35-37 The Figure 4.9 shows PL 

spectra of the 2D perovskite series of n = 1 ~ 7 with the structure presented in Figure 4.8. 

The spectral range of 680 nm ~ 711 nm of the blue-shifted degradation product in the mixed 

cation samples (FA 30% (EA) and FA 50% (EA) samples) in our study corresponds to the 

spectral range of the emission of 2D perovskite sheets with 5 to 7 layers.35 The possible 

mechanism of formation of the 2D perovskite phases could be local cation migration which 

was proposed as an explanation of spectral blue shift in MAPbI3 nanocrystals,38 as shown 

in Figure 4.10. It is plausible that the slow cation migration over the long periods of time 

leads to stabilized 2D sheets of this size. On the other hand, spectral range of 632 nm ~ 760 

nm of the degradation product of FA 0% (EA) samples points to much wider distribution of 

the 2D sheet thickness from 3 (or 4) to 7 layers. The longer-wavelength part of the 

distribution (up to 760 nm) cannot be explained by known 2D perovskite emission but could 

originate from the sheet edges.39 
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   Degradation of perovskite films in environment with high humidity has been 

shown to proceed via hydration intermediates, including monohydrate CH3NH3PbI3·H2O 

and dihydrate (CH3NH3)4PbI6·2H2O.40,41 Structurally, the monohydrate is a 1D perovskite 

and we looked into the possibility if this phase could be the origin of the blue-shifted PL. 

PL spectra of a closely related 1D perovskite crystal have been reported recently.42,43 The 

PL bands are indeed blue-shifted from the 3D perovskites but their maxima appear around 

600 nm at room temperature, at far shorter wavelength than the degradation products 

observed here. Perovskite hydrates are thus unlikely the origin of the blue shifted emission 

in the aged perovskite films.  

 

4.3.5 Effect of aging on PL blinking 

 

We have previously reported on a series of mixed MA/FA perovskite films that 

samples of the FA 30% and FA 50% compositions prepared using EA antisolvent show the 

least amount of dynamic PL quenching, as observed in the form of potential PL intensity 

loss in PL blinking from individual nanoscale locations in the films.15 We have also found 

on the same samples that PL blinking from different locations separated by a few µm can 

be highly correlated. Assuming a common quencher which is repeatedly activated and 

deactivated, the correlated blinking points to very efficient charge migration over 

micrometer scale distances in the films. In the case of the FA 30% and FA 50% samples 

such efficient charge migration was happening across multiple grain boundaries which do 

not present a barrier to the transport.15 It is interesting to verify how the film aging affects 

these nanoscale photophysical properties of the films. Potential PL intensity loss analyzed 

from a statistical sample of film locations is presented in the form of histogram for 12 

months old films of the FA 30% (EA) and FA 50% (EA) samples in the Figure 4.11a, b. In 

both samples the distribution peak is around 20% intensity loss value, with the distribution 

of the FA 50% (EA) sample being narrower. For comparison, the Figure 4.11c, d shows PL 

intensity loss distributions for freshly prepared films of the same samples. The peaks of 

these distributions are around the same 20% loss values, and the distribution of the FA 50% 

sample is also narrower compared to the FA 30% sample. For reference, the Figure 4.11e 

explains the definition of the potential PL intensity loss from the blinking traces. We can 

thus conclude that the film aging does not lead to an increase in the dynamic PL quenching. 
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Comparison of the PL blinking traces from different locations in the films together 

with the locations indicated in PL images is shown in the Figure 4.11f, g for the FA 30% 

(EA) sample and in the Figure 4.11h, i for the FA 50% (EA) sample. In both samples there 

are locations (denoted by numbers 1 – 3) which are separated by several µm but which show 

highly correlated PL blinking behavior. In concrete terms, for the FA 30% (EA) film the 

distances between spots 1 and 2, and those between 1 and 3 are 2.4 µm and 1.8 µm, 

respectively, and the corresponding Pearson’s coefficients calculated for the blinking traces 

are 0.73 and 0.75. The distances for the 1-to-2 and 1-to-3 locations in the FA 50% (EA) film 

are 2.1 µm and 2.5 µm, and the Pearson’s coefficients are 0.77 and 0.76, respectively. As in 

the case of the results previously reported on freshly prepared films,15 these values indicate 

very efficient charge migration over micrometer scales, similar to what has been observed 

before on trihalide perovskite films.43 On average the Pearson’s coefficients are even higher 

than those for the freshly prepared films, which might reflect the partial coalescing of the 

crystal grains as seen in the SEM images. 

 

 

 

Figure 4.11. (a), (b) Histograms of the potential PL intensity loss obtained from PL blinking 

traces measured 12 months after film preparation, for sample compositions as indicated in 

the Figure. (c), (d) Same for freshly prepared films. (e) Example of a PL blinking trace 
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indicating schematically the definition of the potential PL intensity loss. (f), (h) Microscopic 

PL images of the 12 months old films. The numbered circles indicate positions where the 

blinking was analyzed. (g), (i) PL intensity time traces (blinking) obtained at different 

locations in the two films, including the positions indicated in (f) and (h).  

 

4.4 Conclusions 
 

In conclusion, we report long-term ambient air stable mixed MA/FA cation 

perovskite films prepared using ethyl acetate as antisolvent. The films containing 30% and 

50% of the FA cation are largely compositionally stable for more than a year as observed 

from nanoscale PL spectra. In terms of morphology, the films retain their grain structure but 

show coalescence into larger crystal grains during the aging. The morphology change and 

aging do not affect the long charge diffusion lengths observed for the freshly prepared 

samples. Slow cation migration causes partial local degradation of the 3D perovskites, 

probably into 2D sheets with 5 ~ 7 layers. This process happens near the film edges where 

the quality of the spin coated film might be lower than in the center. The center area of 5 x 

5 mm does not show any signs of compositional degradation.  

In contrast, reference mixed cation samples prepared by identical process using 

chlorobenzene as the antisolvent degrade fast within 6 months. Currently, we have not 

identified any single factor that would solely be responsible for the long term stability of the 

FA 30% (EA) and FA 50% (EA) films. It is likely a combination of several factors, including 

the optimum tolerance factor in the crystal structure of the two compositions, and water-

absorbing property of the EA antisolvent which ensures minimum residual water in the films 

even when prepared in ambient conditions. 
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5.1 Introduction  
 

The rapid development of metal halide-based perovskites (MHPs) solar cells in the 

past few decades is noticeable, and MHPs are getting more attention due to their advantages 

such as low-temperature processing, high absorption coefficient, long electron–hole 

diffusion length, and tunable band gap.1–4 However, the instability of MHP materials 

remains a major hurdle that limits the commercialization of the perovskite solar cells, 

particularly under operating conditions such as illumination and internal electrical bias. 

Recent literature indicates that ion migration is intrinsic to MHP, and that it contributes to 

many effects in perovskite materials and devices such as hysteresis, photo-induced giant 

dielectric constants, photoluminescence (PL) enhancement, degradation, PL blinking and 

flickering, and so on.5–15 Ion migration has also been reported to be responsible for the 

formation of structural defects and eventual degradation of perovskite semiconductors.6,16–

19 Defect states in MHP have been widely discussed in literature because of their direct 

influence on the carrier lifetime and diffusion length, which are crucial for reaching high 

efficiency of the MHP-based devices.20–26 However, the defect states can also be annihilated 

by ion migration, as demonstrated, e.g., by PL enhancement due to light soaking, or by solar 

cells efficiency recovery after keeping devices in dark. These seemingly contradictory 

observations further complicate the overall picture.27-28 Although substantial efforts have 

been made to study ion migration under illumination and external electric field (EF),6–

8,13,16,29,30, the underlying fundamental physics concerning nonradiative recombination 

induced by ion migration remains elusive. A deeper insight into the ion migration effect in 

MHP, particularly under illumination and external bias, is imperative to solve the instability 

problem of perovskite-based devices.  

Recently, electric field-based experiments on MHP films with lateral electrodes have 

shown both reversible and irreversible PL quenching, which has been attributed to the 

formation of traps due to ion migration.31-32 In most of the experiments, however, perovskite 

films or crystals were directly in contact with at least one of the electrodes.6,30–36 This makes 

direct charge injection and decomposition of the material under the influence of current an 

important factor for the PL response. Thus, the lack of insulation layers makes it difficult to 

tell apart the pure effect of the electric field from the effect of current and mass transfer over 

the device.  
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Also, in recent advancements in research, a few studies have shown the electric field 

effect on MA-based perovskite nanocrystals and thin films. However, no particular study 

has been carried out on mixed cation or MA/FA-based perovskite thin films. In our recent 

study37, we found that MA/FA-based perovskite films (in particular, MA0.7FA0.3PbI3 and 

MA0.5FA0.5PbI3) show promising results in terms of long-term stability and lack of dynamic 

quenching. Based on these results, here we have chosen to carry out a comparative study of 

the effect of external electric field on PL dynamics on three samples, including pure MAPbI3, 

as well as mixed MA0.7FA0.3PbI3 and MA0.5FA0.5PbI3 perovskite films. Further, the 

difference of our approach from previous studies is that we want to exclude direct charge 

injection to have a better insight into the electric field-induced PL response. To achieve this, 

we studied individual sub-micrometer MHP polycrystalline thin film capacitor-like devices 

with well-insulated electrodes. The PL properties of MA/FA mixed lead iodide perovskite 

were studied under a constant externally applied electric field to emulate the internal bias 

present in the working perovskite solar cells. It was found that the PL of MAxFA1-xPbI3 

samples shows various position-dependent responses to the constant electric field, including 

reversible PL quenching and PL intensity and spectral fluctuations. The various phenomena 

are discussed in the context of grain boundaries and light-induced ion migration under the 

effect of the applied electric field. We note that the ability to actively control the PL by 

electric field can be potentially used in future optoelectronic devices. 
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5.2 Experimental methods 

5.2.1 Sample preparation 

 

Synthesis of mixed MA/FA perovskite films: 

MA1-xFAxPbI3 films with x = 0, 0.3 and 0.5 were synthesized as reported before.()Prior to 

the perovskite synthesis, a freshly cleaned etched ITO-coated substrate was spin-coated (at 

4000 rpm for 40 s) with 40 nm thick layer of PEDOT: PSS (Clevios P AI4083, H. C. Starck) 

and annealed at 150 °C for 15 min. To prepare the perovskite film on top of the PEDOT:PSS, 

1M perovskite precursor solutions were prepared by mixing PbI2 , MAI (methylammonium 

iodide) and FAI (formamidinium iodide) with molar ratios of 1:1:0, 1:0.7:0.3 and 1:0.5:0.5, 

respectively, in the mixed solvent of DMSO (20%) and DMF (80%) by stirring at 60 °C. 

The precursor solutions were spin-coated on the substrates at 1000 rpm for 10 s followed 

by 5000 rpm for the 30s. Antisolvents were applied in the last 10s of the 5000-rpm spinning, 

by dropping 100μL of ethyl acetate (EA). The films were then annealed at 100 °C for 40 

min. The film thickness was around 450 nm, as measured by SEM. 

To fabricate a capacitor-like device, on the top of the perovskite layer 5 wt% toluene 

solution of poly(methyl methacrylate) (PMMA) was spin-coated to form around 200 nm 

thick PMMA layer, with the purpose to isolate the perovskite layer from the direct contact 

with the electrode and to prevent direct charge transfer into the device. Finally, using the 

vacuum deposition technique 110 nm thick aluminum layer has been coated on top of the 

PMMA layer. Finally, the sample look like the below Figure: 5.1.  

 

 

 

Figure 5.1. Schmatic diagrame  of device fabrication 
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5.2.2 PL microscopy and spectroscopy 

 

The setup for the PL characterization was described previously in Chapter 3. Briefly, 

PL from the perovskite films was measured using an inverted microscope (IX 71, Olympus) 

with 442 nm cw laser excitation. The signal was collected by an oil immersion objective 

lens (UplanFLN 100×, N.A. 1.3, Olympus) and detected with an electron-multiplying (EM) 

CCD camera (iXon, Andor Technology) with an exposure time of 30 ms for blinking and 

of 30ms for spectral measurements. For the spectral measurements, the signal was dispersed 

using an imaging spectrograph (CLP-50LD, Bunkou Keiki) placed between the microscope 

and the CCD camera.(iXon, Andor Technology).  

5.2.3 External electric-field modulation 

 

Constant and waveform electric field across the capacitor-like device was generated 

using dc voltage provided and controlled by a multimeter (Keithley, Tektronics) and a 

function generator. Care has been taken that the perovskite layer was electrically isolated 

and no direct transport of charge occurred in the devices for applied voltages of up to 5V. 

All measurements were performed in the air at room temperature. 
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5.3 Result and discussion 
 

As a result of the experimental study of several different positions in each sample 

we have identified two completely different phenomena: 1. Strong quenching of PL due to 

the applied field and slow PL recovery after the field removal and, 2. PL intensity 

fluctuations and PL spectra modulations due to the applied field. Below, we describe the 

two types of phenomena separately. 

 

5.3.1 PL quenching and recovery 

 

Related to the first phenomenon of PL quenching, the Figure 5.2a shows a typical 

PL image of a pure MAPbI3 film within the capacitor-like device. (See the Experimental 

Section). The bright spots presented in this image show individual MAPbI3 crystal grains 

which are also visible in the corresponding SEM image (Figure 5.2d). We note that the PL 

and SEM images are taken from different areas of the sample and are not correlated. In the 

PL image, some crystals were occasionally staying in long-lived off states and were not 

always visible on PL images. Figures 5.2a-c are the PL images of the same sample location 

corresponding to the switching of the applied external dc field of 5 V in the sequence 0 V – 

5 V – 0 V. We found that PL images were getting dark (PL disappeared) when the voltage 

was on and were getting again bright (PL reappeared) when the voltage was off. Figure 5.2e 

shows the PL intensity trace of a randomly selected bright spot in the PL image. In that we 

can see that PL is quenched when the electric field was applied, and it started to recover 

when the electric field was switched off. Similarly, Figure 5.2f-h are PL spectra with respect 

to the switching off-on-off cycle taken along a vertical line position in the same sample 

location. In Figure 5.2i we have traced one of the PL spectra from Figure 5.2f with respect 

to time on the scale of 24 s. Similar to the PL images we found that due to the quenching of 

PL, this spectrum completely disappeared during the active electric field. After removal of 

the electric field the PL started recovering, but interestingly the PL reappeared in the images 

quite differently from the original pattern (Figure 5.2a vs. Figure 5.2c). The changes before 

and after the applied field can be also clearly seen in the spectra. 
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Figure 5.2. PL quenching and recovery of MAPbI3 perovskite sample 

 

 

Similarly to the Figure 5.2, the Figures 5.3 and 5.4 show the results of the PL 

quenching and recovery for the MA0.7FA0.3PbI3 and MA0.5FA0.5PbI3 samples, respectively, 

together with their SEM images. The observed phenomena on these two samples are 

qualitatively similar to that observed on the pure MAPbI3 film: the PL images were getting 

dark/disappearing when the voltage was on and were getting brighter/reappearing again 

when the voltage was off. The recovered PL images were generally different from the 

original ones, but in the case of the MA0.5FA0.5PbI3 sample the difference was less 

pronounced (Figure 5.3a vs. 5.3c and Figure 5.4a vs. 5.4c, respectively). Differences in the 

reappeared PL are also visible in the spectra, again less pronounced for the MA0.5FA0.5PbI3 

sample.  
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Figure 5.3. PL quenching and recovery of MA0.7FA0.3PbI3 perovskite sample 

 

 

 

Figure 5.4. PL quenching and recovery of MA0.5FA0.5PbI3 perovskite sample 
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5.3.2 PL intensity fluctuations 

 

The results of the second phenomenon are shown in Figure 5.5. PL image of the pure 

MAPbI3 film within the capacitor-like device is shown in the Figure 5.5a and the 

corresponding SEM image (taken at a different location in the sample and not correlated 

with the PL image) in the Figure 5.5d. Figures 5.5a-c are the PL images of the same location 

corresponding to the switching of the applied external dc field of 5 V in the sequence 0 V – 

5 V – 0 V. We found that in the images the PL intensity is somewhat decreasing when the 

voltage is on and increasing again when the voltage is off. However, compared to the 

phenomenon described in the section 3.1. the relative PL intensity changes due to the applied 

electric field are smaller. Also, unlike the case of the strong quenching, the PL images before, 

during and after the applied field are very similar. The Figure 5.5e-g are PL spectra 

corresponding to the switching off-on-off cycle taken along a vertical line position in the 

same sample location. Surprisingly, we found that the PL spectra can show either a blue 

shift or a red shift (within the range of the composition) after the applied voltage is switched 

off, depending on the position across the sample. Figure 5.5h shows the PL intensity trace 

of a randomly selected bright spot in the PL images in that we can see that instead of the 

strong PL quenching the PL intensity is fluctuating when the electric field was applied. We 

note that these results were obtained on the same sample as those presented in the Figure 

5.2. Though the sample is same it is interesting to see two completely different phenomena 

with respect to different locations using microscopy.  
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Figure 5.5. PL flickering and recovery of MAPbI3 perovskite sample 

 

 

Similarly, to the Figure 5.5, the Figures 5.6 and 5.7 show the results of the PL 

fluctuations for the MA0.7FA0.3PbI3 and MA0.5FA0.5PbI3 samples, respectively, together with 

their SEM images. The observed phenomena on these two samples are qualitatively similar 

to that observed on the pure MAPbI3 film. 

We reiterate that both the phenomena of PL quenching and PL fluctuations were 

observed in the same perovskite samples. Within that, the PL quenching is restricted to a 

very small area in each sample, and it was often difficult to find such area. At the same time, 

the PL images (Figure 5.2a, 5.3a, 5.4a) show that the PL quenching occurs in a location in 

the sample which is highly inhomogeneous. This lead us to the assumption that the PL 

quenching phenomenon occurs around a pinhole or other structural inhomogeneity, and 

indeed such pinholes (inhomogeneities) can be found in the SEM images (Figure 5.2d, 5.3d, 

5.4d On the other hand, the electric-field induced PL fluctuations are a common observation 

in most of the sample areas. Since the corresponding PL images (Figures 5.5a, 5.6a, 5.7a 

show a more regular PL distribution (overall dark background with a large number of bright 

emitting spots) we assume that the PL fluctuation occur in homogeneous parts of the film, 

characterized by the regular grain structure (as shown in the SEM images in Figure 5.5d, 

5.6d, 5.7d). 
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Figure 5.6. PL flickering and recovery of MA0.7FA0.3PbI3 perovskite sample 

 

 

 

Figure 5.7. PL flickering and recovery of MA0.5FA0.5PbI3 perovskite sample 
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5.3.3 PL spectral fluctuations 

 

Figure 5.8b-e are the PL spectra of the pure MAPbI3 film at randomly selected spots 

from the PL image in Figure 5.5e. Evolution of the spectra under the applied voltage of 5 V 

were monitored over the time of 70 s and the plots are constructed as wavelength vs. time 

2D images. We have found that all the PL spectra measured showed intensity and 

wavelength fluctuations due to the external electric field. For comparison, the Figure 5.8a 

shows time evolution of a spectrum without the external field applied. The spectrum is stable 

over the period of the 70 s.  In Figure 5.8f we have traced a few examples of PL spectra 

selected at different time locations with respect to the same spot. All the spectra were fitted 

with a combination of gaussian functions. Figure 5.8g (spectra 2-4) are PL spectra that show 

the effect of applied electric field. In addition, Figure 5.8g (spectrum 1) is a PL spectrum 

without the applied voltage. The Gaussian fitting of the spectra showed that there was an 

additional, mostly blue shifted, PL spectral peak that appeared in time as a result of the 

applied electric field. In Figure 5.8h we plotted a histogram of the distribution of all PL 

spectra peaks from the different spots and at different times. In the histogram, blue bars 

show the original main PL peak and the newly appeared additional PL peaks are shown in 

red. We note that the range of the wavelength distribution of both blue and red bars in the 

histogram falls within the expected distribution of pure MAPbI3 perovskite PL spectra.38 
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Figure 5.8. Time evolution PL Spectra of MAPbI3 perovskite film. (a) PL spectra without 

external voltage. (b-f) PL spectra with applied 5V external voltage. (g) 2-4: PL spectra under 

applied field of 5V taken at different times from the trace (c); 1: PL spectrum without 

external filed taken from the trace (a). The solid lines are Gaussian fits to the spectra. (h) 

Histogram of PL spectral peaks analyzed from the traces (b) - (f). 

 

Similar results have been found in Figure 5.9b-e for the MA0.3FA0.7PbI3 samples and 

in Figure 5.10b-e for the MA0.5FA0.5PbI3 samples. In all time evolution plots of the PL 

spectra we observe PL intensity and wavelength fluctuations. The gaussian fitting again 

reveals the appearance of additional blue-shifted PL spectral peaks due to the applied 

electric field. Compared to the pure MAPbI3 for which the distribution of the additional 

peaks was centered around 770 nm, the additional peak distributions of the MA0.3FA0.7PbI3 

and MA0.5FA0.5PbI3 samples are centered around 780 nm and 790 nm, respectively. 

 

 

800750700

Wavelength (nm)

70

60

50

40

30

20

10

0

T
im

e
 (

s
)

a)

800750700

Wavelength (nm)

70

60

50

40

30

20

10

0

T
im

e
 (

s
)

b)

70

60

50

40

30

20

10

0

T
im

e
 (

s
)

800750700

Wavelength (nm)

c)

800750700

Wavelength (nm)

70

60

50

40

30

20

10

0

T
im

e
 (

s
)

d)

70

60

50

40

30

20

10

0

T
im

e
(s

)

800750700

Wavelength (nm)

f)

800750700

Wavelength (nm)

70

60

50

40

30

20

10

0

T
im

e
 (

s
)

e) g)

820800780760740720

Wavelength (nm)

10

8

6

4

2

0

840820800780760

0%

 main peak

 secondary peak

h)

Wavelength (nm)

1)

5)

4)

3)

2)



 

 

 

135 

 

Figure 5.9. Time evolution PL Spectra of MA0.7FA0.3PbI3 perovskite film. (a) PL spectra 

without external voltage. (b-f) PL spectra with applied 5V external voltage. (g) 2-4: PL 

spectra under applied field of 5V taken at different times from the trace (c); 1: PL spectrum 

without external filed taken from the trace (a). The solid lines are Gaussian fits to the spectra. 

(h) Histogram of PL spectral peaks analyzed from the traces (b) - (f). 
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Figure 5.10. Time evolution PL Spectra of MA0.5FA0.5PbI3 perovskite film. (a) PL spectra 

without external voltage. (b-f) PL spectra with applied 5V external voltage. (g) 2-4: PL 

spectra under applied field of 5V taken at different times from the trace (c); 1: PL spectrum 

without external filed taken from the trace (a). The solid lines are Gaussian fits to the spectra. 

(h) Histogram of PL spectral peaks analyzed from the traces (b) - (f). 
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5.3.4 Interpretation of the PL dynamics in terms of ion diffusion 

 

Several studies indicated that organic MHPs are not only semiconductors but also 

ionic conductors, i.e. the applied bias can induce both charge carrier flow and ion flow.38-39 

The ion migration effect was found to be responsible for the solar cell current density-

voltage (J-V) hysteresis. Taking into account the different types of defects in MHPs, 

possible mobile ions are I-, MA+, FA+ and Pb+2.40-51 Theoretical calculations and 

experimental measurements have been carried out to access the activation energy for the ion 

migration process. Some of the typical values are summarized in the Table 5.1.  

 

 

 

 

origin Activation energy Ea (eV) Ref 

I - 0.08 - 0.16 44 

MA+ 0.46 - 0.84 49 

FA+ 1.20 50 

Pb+2 0.58 48 

Table 5.1. Activation energy of I-, MA+ and FA+, Pb+2 ions in perovskite 

 

 

Moreover, diffusion of FA+ as compared to MA+ is more complex because the higher 

tolerance factor as well and crystal structure cause overall higher stability for the FA+ ions. 

Organic cations and the halides in the perovskite structure form hydrogen bonding between 

the acidic MA or FA hydrogen atoms and the perovskite iodides. Furthermore, regardless 

of the cation size, the tetragonal-to-quasi cubic structural evolution when moving from MA+ 

to FA+ is due to enhanced hydrogen bonding in FA+ compared to MA+. 

Up to now, a consensus on the migrating ionic species and the concrete energy 

barriers is still missing. So far, most works suggest that iodine-related defects, i.e. I- ion, are 

more active to migrate. The pathway of I- vacancies  (VI) was suggested to occur along the 

I-I edge of the PbI6 octahedron with an activation energy of 0.58 eV45, while MA+ vacancies 

migrate through the unit cell face comprised of four I- ions, yielding a higher activation 

energy of 0.84 eV46 Delugas et al. modeled the ion migration through VI and I- ion 
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mechanisms. The results imply that at room temperature the VI is more mobile than the I- 

ion.47 Experimental results from Cheng et al. demonstrate that under an electric field the 

I/Pb ratio is higher at the anode, which also supports the VI/I
- ion-dominant migration. On 

the other hand, MA+ ion accumulation under an electric field was detected with 

photothermal induced resonance48 (PTIR)It is not contrary to the observation of I- ion 

redistribution because an applied electric field is able to drive the two ions at the same time. 

Theoretical calculations showing the activation energy of MA+ vacancy of 0.46 eV and that 

of VI and I- ion both of 0.08 eV implicate that the electric-field-driven migration of MA+ 

vacancy should occur on the timescale from milliseconds to minutes, while that of iodine 

related defects on scales of less than 1 μs.46  

Under photoexcitation only a minor part of the absorbed energy is emitted as PL 

because the PL quantum yield is quite low. Thus, most of the photo generated charges 

recombine nonradiative generating not only heat but also chemical/structural modifications 

of the material. Nonradiative recombination occurs via charge trapping by various defect 

states. Both light-induced PL enhancement and PL degradation have been discussed in 

relation to ion migration which can assist in annihilation and creation of defects.44–46 When 

an MHP material is placed in an external electric field, both free charges and ions are able 

to drift along with the field direction.33,43  

 

Taking into account the above-mentioned current state of understanding, we propose 

the flowing interpretation of the experimental observations.  In our study we found that there 

are mainly two areas in the sample, structurally inhomogeneous pinhole area and a 

homogenous area of the film, and the effect of electric field is different in the two. The effect 

in the homogeneous area is summarized symbolically in the Figure 5.11. We assume that 

there are defects present in the film in the form of iodine vacancies VI. In the mixed FA/MA 

samples there is a distribution of composition between individual domains (grains) in the 

film as found in Chapter 3, i.e., there are FA rich domains as well as FA poor domains 

(including pure MA domains) coexisting in the films. This composition is reflected in the 

PL spectra of the films. We further assume that because of their lower tolerance factor the 

defects are more likely present in the FA poor domains. This situation is schematically 

shown in the Figure 5.11a. Upon application of an external electric field (Figure 5.11c) both 

I- and MA+ migration can occur, but we assume that because of its lower activation energy 

the I- migration is dominant. For the forward bias shown in the Figure 5.11c the I- ions will 
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be moving towards and accumulating near the anode. The VI vacancies present in this area 

(predominantly in the FA poor domains) will be filled and these domains will start emitting 

PL that is blue-shifted because of the lower content of FA ions. This is reflected in the 

appearance and dynamics of the new blue-shifted spectral bands observed in the Figures 5.8 

– 5.10. In a similar way, the ion migration also affects the local PL intensity and causes the 

observed PL fluctuations. We note that because of the thickness (~ 450 nm) and high 

extinction coefficient of the perovskite films the PL microscopy can detect emission from 

only a thin layer of the sample just above the anode (PEDOT-PSS film), as shown in the 

Figure 5.11d. 

Regarding the phenomenon of PL quenching in the inhomogeneous areas of the 

sample, we assume that the structural defects (pinholes) can work as traps for the migrating 

ions resulting in the quenching of the PL. 

 

 

 

Figure 5.11. Schematic diagram of electric biasing effect on MAxFA1-xPbI3 films 
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5.4 Conclusions 
 

We applied an external electric field to the MAxFA1-xPbI3 films in capacitance-like 

device to simulate the internal bias in working solar cells, and simultaneously monitored the 

PL dynamic behavior. Two different PL responses were observed in the same sample. 

Reversible PL quenching was observed under an electric field in locations characterized by 

changed morphology. PL intensity and spectral fluctuations due to externally applied field 

were found in homogeneous areas of the films. Both phenomena were attributed to 

migration of the iodine ions and vacancies due to the field. Filling of the vacancies in a layer 

of the film close to the microscope objective lens causes appearance of new blue-shifted PL 

band which causes the apparent spectral fluctuations. Such results can help us to gain a deep 

insight into how the ionic movements in the perovskite absorber layer influence the 

performance of the perovskite-based optoelectronic devices under working conditions. 
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High Photoluminescence Efficiency and Optically Pumped Lasing in Solution-

Processed Mixed Halide Perovskite Semiconductors. J. Phys. Chem. Lett. 2014, 5, 

1421− 1426. 

23. Yamada, Y.; Nakamura, T.; Endo, M.; Wakamiya, A.; Kanemitsu, Y. Photocarrier 

Recombination Dynamics in Perovskite CH3NH3PbI3 for Solar Cell Application. J. Am. 

Chem. Soc. 2014, 136, 11610−11613. 

24.  Narra, S.; Chung, C.-C.; Diau, E. W.-G.; Shigeto, S. Simultaneous Observation of an 

Intraband Transition and Distinct Transient Species in the Infrared Region for 

Perovskite Solar Cells. J. Phys. Chem. Lett. 2016, 7, 2450−2455. 

25. Ohta, N. Electric Field Effects on Photochemical Dynamics in Solid Films. Bull. Chem. 

Soc. Jpn. 2002, 75, 1637−1655. 

26. Hsu, H.-Y.; Chiang, H.-C.; Hu, J.-Y.; Awasthi, K.; Mai, C.-L.; Yeh, C.-Y.; Ohta, N.; 

Diau, E. W.-G. Field-Induced Fluorescence Quenching and Enhancement of Porphyrin 

Sensitizers on TiO2 Films and in PMMA Films. J. Phys. Chem. C 2013, 117, 

24761−24766.  

27. Ohta, N.; Awasthi, K.; Okoshi, K.; Manseki, K.; Miura, H.; Inoue, Y.; Nakamura, K.; 

Kono, H.; Diau, E. W.-G. Stark Spectroscopy of Absorption and Emission of Indoline 

Sensitizers: A Correlation with the Performance of Photovoltaic Cells. J. Phys. Chem. 

C 2016, 120, 26206−26216. 

28. Leijtens, T.; Kandada, A. R. S.; Eperon, G. E.; Grancini, G.; D’Innocenzo, V.; Ball, J. 

M.; Stranks, S. D.; Snaith, H. J.; Petrozza, A. Modulating the Electron-Hole Interaction 

in a Hybrid Lead Halide Perovskite with an Electric Filed. J. Am. Chem. Soc. 2015, 137, 

15451-15459. 

29. Qiu, C.; Grey, J. K. Modulating Charge Recommbination and Structural Dynamics in 

Isolated Organometal Halide Perovskite Crystals by External Electric Fields. J. Phys. 

Chem. Lett. 2015, 6, 4560−4565. 



 

 

 

144 

30. Xiao, Z.; Yuan, Y.; Shao, Y.; Wang, Q.; Dong, Q.; Bi, C.; Sharma, P.; Gruverman, A.; 

Huang, J. Giant Switchable Photovoltaic Effects in Organometal Trihalide Perovskite 

Devices. Nat. Mater. 2014, 14, 193−198. 

31. Umeuchi, S.; Nishimura, Y.; Yamazaki, I.; Murakami, H.; Yamashita, M.; Ohta, N. 

Electric Field Effects on Absorption and Fluorescence Spectra of Pyrene Doped in a 

PMMA Polymer Film. Thin Solid Films 1997, 311, 239−245. 

32. Tsushima, M.; Ushizaka, T.; Ohta, N. Time-Resolved Measurement System of 

Electrofluorescence Spectra. Rev. Sci. Instrum. 2004, 75, 479−485. 

33. De Quilettes, D. W.; Vorpahl, S. M.; Stranks, S. D.; Nagaoka, H.; Eperon, G. E.; Ziffer, 

M. E.; Snaith, H. J.; Ginger, D. S. Impact of Microstructure on Local Carrier Lifetime 

in Perovskite Solar Cells. Science 2015, 348, 683−686. 

34. Li, Y.; Yan, W.; Li, Y.; Wang, S.; Wang, W.; Bian, Z.; Xiao, L.; Gong, Q. Direct 

Observation of Long Electron-Hole Diffusion Distance in CH3NH3PbI3 Perovskite Thin 

Film. Sci. Rep. 2015, 5, 14485. 

35. Wang, Q.; Shao, Y.; Xie, H.; Lyu, L.; Liu, X.; Gao, Y.; Huang, J. Quantifying 

Composition Dependent p and n Self-Doping in CH3NH3PbI3. Appl. Phys. Lett. 2014, 

105, 163508. 

36. Alemu, G.; Li, J.; Cui, J.; Xu, X.; Zhang, B.; Cao, K.; Shen, Y.; Cheng, Y.; Wang, M. 

Investigation on Regeneration Kinetics at Perovskite/oxide Interface with Scanning 

Electrochemical Microscopy. J. Mater. Chem. A 2015, 3, 9216−9222. 

37. Agarwal, A.; Omagari, S.; Vacha, M. Nanoscale Structural Heterogeneity and Efficient 

Intergrain Charge Diffusion in a Series of Mixed MA/FA Halide Perovskite Films. ACS 

Energy Lett. 2022, 7, 2443−2449. 

38. Soe, C. M. M.; Nagabhushana, G. P.; Shivaramaiah, R.; Tsai, H.; Nie, W.; Blancon, J. 

C.; Melkonyan, F.; Cao, D. H.; Traore, B.; Pedesseau, L.; Kepenekian, M.; Katan, C.; 

Even, J.; Marks, T. J.; Navrotsky, A.; Mohite, A. D.; Stoumpos, C. C.; Kanatzidis, M. 

G. Structural and Thermodynamic Limits of Layer Thickness in 2D Halide Perovskites. 

Proc. Natl. Acad. Sci. U. S. A. 2019, 116, 58−66. 

39. Wu, C.; Li, F.; Guo, T. Efficient Tristable Resistive Memory Based on Single Layer 

Graphene/Insulating Polymer Multi-Stacking Layer. Appl. Phys. Lett. 2014, 104, 

183105. 



 

 

 

145 

40.  Wetzelaer, G.-J. A. H.; Scheepers, M.; Sempere, A. M.; Momblona, C.; Avila, J.; 

Bolink, H. J. Trap-Assisted Non- Recombination in Organic-Inorganic Perovskite Solar 

Cells. Adv. Mater. 2015, 27, 1837−1841 

41. Deretzis, I.; Alberti, A.; Pellegrino, G.; Smecca, E.; Giannazzo, F.; Sakai, N.; Miyasaka, 

T.; La Magna, A. Atomistic Origins of CH3NH3PbI3 Degradation to PbI2 in Vacuum. 

Appl. Phys. Lett. 2015, 106, 131904. 

42.  Leguy, A. M. A.; Frost, J. M.; McMahon, A. P.; Sakai, V. G.; Kockelmann, W.; Law, 

C.; Li, X.; Foglia, F.; Walsh, A.; O’Regan, B. C.; Nelson, J.; Cabral, J. T.; Barnes, P. R. 

F. The Dynamics of Methylammonium Ions in Hybrid Organic-Inorganic Perovskite 

Solar Cell. Nat. Commun. 2015, 6, 7124. 

43. Leijtens, T.; Hoke, E. T.; Grancini, G.; Slotcavage, D. J.; Eperon, G. E.; Ball, J. M.; De 

Bastiani, M.; Bowring, A. R.; Martino, N.; Wojciechowski, K.; McGehee, M. D.; Snaith, 

H. J.; Petrozza, A. Mapping Electric Field-Induced Switchable Poling and Structural 

Degradation in Hybrid Lead Halide Perovskite Thin Films. Adv. Energy Mater. 2015, 5, 

1500962. 

44. Bae, S.; Kim, S.; Lee, S.-W.; Cho, K. J.; Park, S.; Lee, S.; Kang, Y.; Lee, H.-S.; Kim, 

D. Electric-Field-Induced Degradation of Methylammonium Lead Iodide Perovskite 

Solar Cells. J. Phys. Chem. Lett. 2016, 7, 3091−3096. 

45. Eames, C.; Frost, J. M.; Barnes, P. R. F.; O’Regan, B. C.; Walsh, A.; Islam, M. S. Ionic 

Transport in Hybrid Lead Iodide Perovskite Solar Cells. Nat. Commun. 2015, 6, 7497. 

46. Delugas, P.; Caddeo, C.; Filippetti, A.; Mattoni, A. Thermally Activated Point Defect 

Diffusion in Methylammonium Lead Trihalide: Anisotropic and Ultrahigh Mobility of 

Iodine. J. Phys. Chem. Lett. 2016, 7 (13), 2356–2361.  

47. Azpiroz, J. M.; Mosconi, E.; Bisquert, J.; De Angelis, F. Defect Migration in 

Methylammonium Lead Iodide and its Role in Perovskite Solar Cell Operation. Energy 

Environ. Sci. 2015, 8, 2118−2127 

48. Yuan, H.; Debroye, E.; Janssen, K.; Naiki, H.; Steuwe, C.; Lu, G.; Moris, M.; Orgiu, E.; 

Uji-i, H.; de Schryver, F.; et al. Degradation of methylammonium lead iodide perovskite 

structures through light and electron beam driven ion migration. J. Phys. Chem. Lett. 

2016, 7, 561–566. 

49. Zhong, Y.; Luna, C. A. M.; Hildner, R.; Li, C.; Huettner, S. In Situ Investigation of 

Light Soaking in Organolead Halide Perovskite Films. APL Mater. 2019, 7, No. 041114. 



 

 

 

146 

50. A. Urbaniak, A. Czudek, J. Dagar, and E. L. Unger, Capacitance spectroscopy of thin-

film formamidinium lead iodide based perovskite solar cells, Solar Energy Mater. and 

Solar Cells 238 (2022) 111618. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

147 

 

 
 

 

Chapter 6 

 

Conclusion and outlook  
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6.1 Summary and general conclusion 
 

The purpose of this thesis is to provide new insights into the mixed cation (MA/FA) 

based perovskite thin films using fluorescence microscopy which can help to understand the 

fundamental properties of this material. Such advances in thin-film semiconductor 

understanding will also find applications in the development of highly efficient and low-

cost photovoltaics. Hybrid halide perovskites have emerged over the unprecedented 

timeframe over the last few decades as a promising class of materials for such applications. 

Most notably, their solar cells have achieved power conversion efficiencies above 25 % in 

the laboratory, even though many fundamental questions on their basic material properties 

still remain unanswered. Therefore, for halide perovskite thin-films to have an impact 

beyond the laboratory requires a systematic understanding for further improvement. In this 

thesis we have studied these materials and revealed answers to some of the important 

questions, such as structural and compositional heterogeneity, long-term environmental 

stability and degradation, and stability under external electrical bias.  

In Chapter 1 we outline the background and literature of perovskite materials 

research including their basic semiconductor properties which indicate why this material 

needs attention, as well as introduction to the perovskite photophysical processes. In 

addition, by introducing the fluorescence microscopy we have also summarized key 

previous studies. It was emphasized that fluorescence microscopy is an essential technique 

to study not only nanoparticles but also bulk samples as it can reveal the nanoscale physical 

properties of the material.  

In Chapter 2, we systematically optimized the MAxFA1-xPbI3 perovskite thin film 

preparation methodology used in this thesis to improve the film quality, while pointing the 

way forward to eliminate the pinholes and ultimately design even better morphology 

samples. Firstly, we have introduced how processing, composition and surface passivation 

affect the results of fabrication. Technically, the optimization cycle involves controlled 

fabrication techniques involving careful changes based on a feedback from all the 

parameters of the halide perovskite thin films. By considering the parameters related to spin 

coating, precursor solutions, annealing temperature, appropriate choice of antisolvent and 

dropping technique of antisolvent, etc., we succeeded in optimizing the samples for the 

fluorescence microscopy study, and assume that the results will provide potentially useful 

feedback for solar cell performance.  
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Next in Chapter 3 we have used several characterization techniques including UV-

absorption spectroscopy, SEM and fluorescence microscopy to systematically study the 

MAxFA1-xPbI3 mixed cation-based perovskite thin films. We have used wide field 

microscopy to measure the photoluminescence properties in terms of PL blinking which 

reflects dynamic quenching due to the non-radiative recombination and PL spectra which 

show the compositional heterogeneity in the sample. We found out that the MA0.5FA0.5PbI3 

has the least dynamic quenching because it contains the lowest fraction of pure FA and pure 

MA domains, as reflected in the largest PL spectral distribution. Lastly, we have seen that 

the blinking is correlated between locations that are micrometers apart which indicates that 

the grain boundaries do not function as traps and are transparent toward efficient charge 

migration.  

Perovskite thin films are potentially the ideal solar cell materials which might 

contribute to solving a major energy crisis in the world. But for perovskite thin films, a 

major challenge is their degradation process. In Chapter 4, we correlate the information 

from chapters 2 and 3 to understand the perovskite film degradation process on microscopic 

level, and study the effect of antisolvent on the long-term air stability of mixed cation halide 

perovskite thin films over one year. To explain the surprisingly long-term stability have 

used fluorescence microscopy on mixed cation perovskites films of the composition 

MAxFA1-xPbI3, with x = 0, 0.3 and 0.5. We have seen that the perovskite films with x = 0.5 

and 0.3 prepared in the air using ethyl acetate as an antisolvent in a one-step spin-coating 

process are compositionally stable in ambient air for more than a year as compared to the 

films prepared using the antisolvent of chlorobenzene. We have studied the degradation 

process of the films and proposed slow MA cation migration and local formation of 2D 

perovskite phases to explain the results.  

Finally, as a last part of this thesis in Chapter 5 we attempted to elucidate the stability 

of the perovskite films in working perovskite-based photovoltaic devices by using externally 

applied voltage in the microscopic PL studies. PL of a crystalline film of the mixed cation 

lead iodide perovskite (MAxFA1-xPbI3) sandwiched between an ITO electrode and an 

insulating film of poly(methyl methacrylate) (PMMA) is found quenched and flickering 

significantly with the application of an external electric field. Measurements of electro-

photoluminescence spectra revealed that the I- ion and VI vacancy migrates and recombine, 

with a result of a blue shift in the PL spectra.  
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6.2 Outlook 
 

The fundamental finding of this thesis will pave the way for controlling the 

morphology of perovskite absorber layer in the fabrication process, and will provide 

microscopic insights to eliminate the drawbacks of hybrid perovskite thin films. We hope 

that our work will help enhance the viability of perovskite photovoltaics for successful 

commercialization in the near future. 
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