
 

 

 

 

学位論文 
 

Structure and Formation Mechanism 
of Lead Perovskite Crystals 

（鉛ペロブスカイト結晶の構造と形成機構） 

 

平成 27年 12月博士（理学）申請 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

東京大学大学院理学系研究科 

化学専攻 

 
庄山 和隆 





 i 

Abstract 
The process where elements construct materials is a fascinating moment for materials 

scientists. In this thesis I will present unraveling of a crystal-to-crystal conversion, using 

methylammonium lead triiodide, normally called as lead perovskite, which is recently used as 

the photoactive layer of thin-film solar cells. The material itself is fascinating, allowing us to 

fabricate solar cells with > 20% power conversion efficiencies with a simple solution process. 

Yet, the course of action where elements construct the rigid framework remains elusive, 

obstructing scientists who are working on practical application of the material. The key 

finding in this thesis is puzzling out the whole chemical pathways during the conversion of 

lead(II) iodide and methylammonium iodide to lead perovskite. This information will serve as 

a milestone for those who are trying to solve reproducibility problem or morphology control 

of lead perovskite solar cells, further encourage scientists rationally design fabrication 

protocols, and most importantly contribute to the chemistry of solid-state reactions of various 

crystalline materials. 
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1.1 Introduction 
Assembling of elements into a useful material form is an important process of materials 

chemistry.1 The way in which we perform this formatting varies for individual materials.2-5 

Here we can consider two types of processing. One is to make a certain compound, and the 

other is to shape it into a particular functional form. One of the examples of the first type of 

processing is synthesis of organic materials.6-11 In this case we employ synthetic skills where 

we dissolve ingredients in a solvent, add reagents to induce a reaction for forming/cleaving 

bonds, and then extract and isolate the desired compound. In this process we isolate a solid or 

liquid, or occasionally gas, of discrete molecules. They themselves are sometimes used 

directory such as detergents, food additives, or paint. They don’t require post-synthesis 

process in which they are, for instance, forcibly confined in a limited space, deposited on a 

surface, or formed to nanoparticles. On the other hand in order to create more complicated 

materials we often need to fit compounds into a certain shape such as bulk solids, thin-films, 

or fine powders.12-14 These operations are some of the examples of the second type of 

processing. Such application includes wafers, solar cells, and pharmaceutical drugs. 

In any case, the information how elements move in the process of molding a particular 

material form is both scientifically and practically important. In organic chemistry, scientists 

pursue the details of how elements change their partners. In the course of such studies 

researchers have isolated intermediate species from the reaction mixture and determined their 

structures. Such structural information, when combined with kinetic or computational studies, 

can help researchers to obtain knowledge on possible reaction pathways. In such a way, in a 

number of cases we know how each reagent reacts on the substrate and in what order bonds 

form or cleave. This information leads to development of new reactions that give higher 

yields, better selectivity, and/or more environmental friendliness. On the other hand there is a 

paucity of information on reactions of crystalline inorganic solids. When we consider such 

reactions we most likely simply use diffusion theory. Since it happens in a solid, isolation of 

intermediates like organic reactions’ case is scares. 

In this thesis I will describe some details of a material formatting process that involves a 

crystal-to-crystal conversion reaction.15-18 The focus of such study should be on a 

stereotypical and attractive material and also accompanied with suitable analysis methods. As 

such, I chose an inorganic-organic hybrid material, namely lead perovskite, which has the 

widely occurring perovskite crystal structure, and is envisaged as being used for renewable 

energy source. Focusing this material, I will elucidate the whole chemical pathways in which 

it is formed using X-ray diffraction analysis, which is a useful method for solid materials, as 

the key tool.  
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As I discussed earlier we should consider the difference of following two things, the 

creation of materials by simple bond formation/cleavage, and the process of forming 

materials into a certain shape. In the case of lead perovskite, the bond formation/cleavage 

process and shaping process take place at the same time. This makes the application of lead 

perovskite extremely difficult. The lack of chemical information has made the use of this 

material rather empirical and less practical. I conducted chemistry-oriented studies on lead 

perovskite to understand the process where each element is combined into a certain formula 

and fit into a certain shape. 

1.2 Lead perovskite solar cells 
In order to focus more on lead perovskite, I start from describing the structure of lead 

perovskite. The word perovskite itself denotes the crystallographic structure that employs a 

cubic or pseudo-cubic lattice, in which three components are placed. The chemical formula is 

usually presented as ABX3, where A or B denotes a cation, and X denotes an anion. There are 

various combinations of components that give perovskite crystal structure both in nature19-21 

and materials science.22-27 Materials that have perovskite structure have been appearing in a 

number of research topics including superconductors, ferroelectric materials, and various 

magnetic materials.28 The perovskite material discussed here is almost exclusively a particular 

type of perovskite that is mostly used in thin-film solar cells, namely methylammonium lead 

triiodide (CH3NH3
+PbI3

−; MA+PbI3
−; PV)29 and its related formulae. 

 
Figure 1.1. Crystal structure of perovskite. 

These perovskites are first used in solar cells in 2009, reported by Miyasaka et al.30 At 

this time the efficiency was around 4%, which is not much of practical value for commercial 

application. Then in 2012 several groups reported improved PCEs up to 12%.31-34 Intense 

interest towards these materials increased the PCEs to more than 20% in 2015, which is 

comparable to several other types of promising solar cell technology. 

There are a number of advantages of lead perovskites as an active material. They are 

reported to have high carrier diffusion lengths. This comes from their rigid inorganic 

B

A

X
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framework. In addition to excellent optoelectronic properties, lead perovskites are made from 

cheap materials such as simple amine and lead iodide (PbI2; PI). This is a tremendous benefit 

for industrial applications. Deposition process is also simple. It does not require high-

temperature curing. Only an annealing process at 100°C is required. The thin-films of lead 

perovskites are often deposited by solution process using a polar solvent such as 

dimethylsulfoxide (DMSO) or N,N-dimethylformamide (DMF). 

On the other hand, there are some drawbacks. Morphology control remains difficult, as 

well as low reproducibility issue. This is to some extent imaginable since they have rigid Pb-

I-Pb cubic lattice framework, which is easily constructed by a low temperature process. Lead 

is a rather toxic element. It can replace hydroxyapatite of human bones so that intake of this 

element exhibits considerable health problems.  

Apart from solar cell studies of lead perovskites, there have been already a number of 

studies on lead perovskite and other related perovskites. The isolation and structure 

determination was already reported in 1950s.35 Then, some of the basic properties such as 

magnetic susceptibility, phase transition temperature, enthalpy, and entropy have been 

reported.36-43 These studies give, though they were not intended for solar cell application, 

useful information on elucidating the material forming process of solar cell thin-films. 

1.3 Aim of this study 
In this thesis I describe the chemical pathways occurring in the formation of lead 

perovskite, which relate irreproducibility and morphology control in the solar cell fabrication, 

as well as stability of perovskite materials all together. The following is the brief story line of 

this thesis. The chemical pathways were first studied in solution state where crystals of 

intermediates are isolated. Then the focus goes to the chemical reactions taking place in the 

crystal-to-crystal conversion. This elucidates the reason for irreproducibility in terms of 

chemical pathways. The morphology control is still yet solved at this stage since this 

chemical pathway study is in solution and crystal state, and studies in the thin-film state are 

still yet describe. It will be further discussed later after discussion on other solid-state 

properties. The phase transition of perovskite material is further discussed in relation to the 

solar cell device stability. Finally, combining all the chemical data obtained, I will discuss 

crystallization pathway that explains ways to control morphology of lead perovskite thin-

films. 

The first problem that this thesis addresses is related to the bond forming/cleavage 

process in which lead perovskite is formed. In Chapter 2 is presented the base information of 

chemistry-oriented studies of lead perovskite. This is very closely related to reproducibility or 

morphology control of perovskite-based solar cells. Earlier reports state there are large 

variations in the performance of perovskite-based solar cells. This issue would become 
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clearer if one would take a closer look on the chemistry behind this new technique, and if we 

consider large structural changes during the formation of lead halide perovskite solid. 

Common solution processes employ a mixture of lead(II) halide and ammonium salt and coat 

it on a surface.  

The problem that comes next is stability. Some reports say that moisture can degrade lead 

halide perovskites. To our confusion, there are some reports that say the presence of moisture 

enhances the performance of solar cells based on lead perovskite. This dichotomy raises again 

a question of how this occurs. There have been several reports of the effect of water during 

the fabrication of solar cells. These reports well explain the effect of water from materials 

scientists’ view; thoroughly scrutinized scanning electron microscopy (SEM) images that 

illustrate the improvement of morphology, photoluminescence studies that show enhanced 

luminescence thus more efficient charge collection. However the chemical picture of the 

effect still remains elusive. In Chapter 3 are presented the chemical pathways in the presence 

of water.  

Concerning the stability issue, the phase transition of perovskite material will urge some 

explanations of the phase stability during operational conditions. The most commonly 

employed material, CH3NH3PbI3, is known to undergo phase transition at 57 °C, which is in 

the range of solar cell operational conditions. In Chapter 4 will be presented phase stability of 

lead perovskite grains protected by a polymer polyvinylpyrrolidone (PVP) for enhancement 

of stability along with solar cell performance.  

The utmost goal of the use of lead perovskite to solar cells would be to form a well-

ordered single crystal thin-film on the substrate. For this purpose one needs to control the 

orientation and crystallization process. The clue to this goal will be presented in Chapter 5. 

Using the knowledge obtained in the solution study, by proper control of the solution film 

deposition process, well ordered dispersion of crystallites on flat substrates was achieved. 

There is also a prospect that the crystallite size can be enlarged by further control of the 

deposition process. This controlled deposition as well leads to improvement of solar cell 

performance. 

The reproducibility issue and stability issue would certainly provoke concerns on the 

utilization of this class of materials into market. The long seller silicon solar cells have high 

stability and decent PCEs. The chemical information presented in this thesis will be combined 

together and conclusions on remaining tasks for us in this solar cell technology as well as 

pure scientific future views drawn by this thesis will be discussed in Chapter 6. 

1.4 X-ray diffraction 
In this study I frequently used various types of X-ray diffraction (XRD) technique. These 

include single crystal XRD analysis, fiber XRD analysis, thin-film XRD, and reciprocal space 
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mapping (RSM) of thin-films. I describe here some numerical and technical details that do 

not frequently appear in literature related to lead perovskite studies. Because of their frequent 

usage in literature in materials science field and availability of nicely arranged textbooks here 

I don’t describe single crystal XRD analysis44 and simple thin-film XRD analysis.45 I here 

describe fiber XRD analysis (used in Chapter 2 and Chapter 3), the relationship of thermal 

factor and diffraction intensity (used in Chapter 4), and RSM (used in Chapter 5). 

1.4.1 Fiber XRD analysis 
Fiber XRD analysis is applied to, as it is named, fibers. The measurement configurations 

are similar to those of single crystal XRD and powder XRD. The notable difference is the 

dimensionality of the sample. In single crystal XRD the sample is fixed so that once you 

specify the three parameters of geometry of goniometer, the orientation of the sample is 

unique (the reason there are three parameters of the geometry is of course because the 

universe has three-dimensional space). In powder XRD it is not possible to get the orientation 

of the sample because there are multiple crystallites of random orientation. In fiber XRD, the 

fiber is set parallel to the rotation axis so that the diffraction occurring with respect to one of 

the crystallographic axes of the fiber is distinguished form that occurring with respect to other 

two axes. Thus fiber XRD, though not that much extent as single crystal analysis, can analyze 

the orientation of the fiber. Thus it gives more information than powder XRD analysis, but 

not as much as single crystal XRD analysis. 

1.4.2 Variation of diffraction intensity by thermal factor 
The diffraction intensity of X-ray is numerically calculated from the structure factor. 

However, the actual diffraction intensity is also dependent on other factors, such as thermal 

factor, and crystal mosaicity.45 Here with regard to the discussions in following chapters, I 

describe the effect of atomic vibration on the intensity of diffraction  

Unit cell structure factor of a scattering vector 𝒒 is expressed as, 

𝐹unit cell 𝒒 = 𝑓! 𝒒 𝑒!𝒒∙𝒓!
!

 

where 𝒓! refers to the position of atom 𝑗 in the unit cell, 𝑓! 𝒒  is the unit cell structure factor 

positioned at 𝒓!. When taking into account the atom vibration, it is expressed as, 

𝐹unit cell 𝒒 = 𝑓! 𝒒 𝑒!!!𝑒!𝒒∙𝒓!
!

 

𝑀! =
1
2
𝑞! 𝑢!!

!  

where 𝑢!!
!  refers to temporal average displacement of atom  𝑗. 

Thus even for the same degree of temporal average displacement the unit cell structure 

factor is lessen to a larger extent when the square of the scattering vector 𝑞! is higher. The 
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temporal average displacement is a measure of vibrational displacement of atoms, the unit 

cell structure factor is a measure of X-ray diffraction peak intensity, and the length of the 

scattering vector is correlated to diffraction angle in degree 𝜃 by 𝑞 = !!
!

sin 𝜃 where 𝜆 is 

the wavelength of X-ray used. Using these correlation the first sentence of this paragraph is 

equivalent to that as atom vibration becomes larger diffraction peaks at higher angles tend to 

lessen their intensity to larger extent than those at lower angles. This fact becomes important 

in the discussion in Chapter 4. 

1.4.3 Reciprocal space mapping 
X-ray diffraction serves as a useful tool for determining the orientation of materials 

formed as thin-films. There can be several measurement configurations, such as pole figure 

measurement, graze incident wide-angle X-ray scattering (GIWAXS), and reciprocal space 

mapping (RSM). Researchers in their distinctive fields have their own preference according 

to their research field. Pole figure measurement is used for thin-films that are two-

dimensionally oriented thus need to know the exact orientation of the thin-film with respect to 

each of the two axes of the substrate.46-48 GIWAXS is often used in the context of molecular 

assembly studies, in cases where molecules are ordered with respect to the normal of 

substrate but not to the axes parallel to the substrate.49-53 RSM can gain similar information 

and have no draw back of blind region that occurs in the case of GIWAXS.54-56 In the study in 

order to know the orientation of thin-films, this RSM was used. 

In RSMs 2-D images of diffraction spots are presented. The scattering vectors lying along 

out-of-plane direction (𝑞!) occupy the y-axis of Cartesian coordinates, and those lying along 

in-plane direction (𝑞!) occupy the x-axis. The coordinate (x, y) corresponds to the diffraction 

intensity of (𝑞!, 𝑞!). There is no blind region along the straight out-of-plane direction that 

present in GIWAXS patterns. This blind region comes from the incident angle of GIWAXS 

measurement, thus RSMs there is no such region because RSM measurement configuration 

does not require incident angle. This method is used in Chapter 5 for analysis of crystallite 

orientation of lead perovskite thin-films.  
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Chapter 2.  

 

Chemical pathways that connect lead perovskite and 

lead(II) iodide via polymeric plumbate(II) fiber 
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2.1 Introduction 
There is a significant difference between the structures of lead iodide (PbI2; PI) and lead 

perovskite (CH3NH3
+PbI3

−; MA+PbI3
−; PV). The crystal structure of PI57 consists of two-

dimensional (2-D) layered sheets of bipyramidal PbI6 units. Each layer is separated from 

other layers by 6.8 Å. On the other hand the crystal structure of PV consists of cubic blocks 

of octahedral PbI6 units that compose a three-dimensional (3-D) structure. There is any faint 

trace of 2-D layered structure of PI in PV, instead each cubic unit is separated by 6.3 Å to 

any of the three orthogonal basis directions of the crystal. For solar cell application, the 

conversion of 2-D PI to 3-D PV is accomplished by addition of methylammonium iodide 

(CH3NH3
+I−; MAI) in the presence of a polar solvent, almost exclusively DMSO or DMF. The 

conversion process is simple. The reaction is in its chemical equation expressed as, 

CH3NH3
+I− + PbI2 = CH3NH3

+PbI3
− 

A solution containing PI and MAI is deposited on a substrate and heated to 100 °C. The 

dramatic structural change occurs within less than an hour. This fact makes it easy to know 

that some of the problems concerning lead perovskite solar cells are reproducibility and 

morphology control. Earlier reports of lead perovskite solar cells suffered a large variation of 

performance.58-60 

 
Figure 2.1. Crystal structures of PI and PV. a, 2-D layered sheets of PI. b, 3-D cubic crystal 

of PV.  

There have been some clues that can help understand the chemical change during PI to 

PV conversion. There are some compounds containing substructures of PI, which are 

identified by crystallographic analysis. In 1980, far before PV was first applied to solar cells, 

a group of researchers isolated a polymeric strip of PbI2 coordinated by DMSO.61 The 

structure of PbI2 unit of this complex is equivalent to diagonally cutting one (PbI2)n unit of a 

bipyramidal PbI2 sheet. In this regard, this structure can be categorized as one-dimensional (1-

D) structure. After application of PV to solar cells is reported, some similar complexes were 

reported. These include a compound that possesses two (PbI2)n units of bipyramidal PbI2 

coordinated by DMF62 and that coordinated by iodine.63 There is another complex only 
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characterized by infrared (IR) spectroscopy and elemental analysis, which was assigned as 

DMSO-PbI2-MAI.64 However, the connection of these complexes to PI or PV is still elusive.  

In this chapter I will discuss the relationships between PI and PV connected by 

intermediate species that occurs in standard conditions of solar cell fabrication. The 

intermediated species possesses 1-D structures that are at the same time substructures of PI. 

Some of them are characterized for the first time in this work, and some others are reported 

previously by other researchers. The key discovery here is that atom movement during the 

conversion from PI to PV was solved for a freestanding intermediate crystal of PV. This is 

not merely a mechanistic study of this particular conversion, rather dubbed as mechanistic 

study of a crystal-to-crystal conversion where 2-D structure is converted to 3-D structure via 

1-D structure. The information obtained here is further discussed in Chapter 3 for water 

system and Chapter 5 for film deposition process, and the perspective of the thesis is 

described in Chapter 6. 

2.2 Results and discussion 

2.2.1 Synthesis of intermediates and their inter-conversions 
Synthesis of intermediates was performed in two solvent systems, DMSO and DMF. 

They are, for solar cell application, almost exclusively used. In early stages of solar cell 

application γ-butyrolactone (GBL) was also used, however, this solvent system is not used in 

recent reports.30,33,58,65-68 The whole reaction is summarized in Figure 2.2. Intermediates 

shown in red boxes were characterized by X-ray crystallographic analysis previously by other 

researchers (INT-1, -6, -7) or for the first time in this work (INT-2, -3). Intermediates in blue 

boxes were assigned by fiber XRD study (vide infra). Most of the intermediates were isolated 

as fibrous crystals except INT-1, which had block crystal nature. The reactions in Figure 2.2 

were traced by X-ray diffraction (XRD) patterns of resulting crystals (Figure 2.2c). Since 

DMF system is simpler than DMSO system this will be described first. 
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Figure 2.2. Chemical pathways in the inter-conversion of PI to PV. Pathways occurring in 

the solar cell fabrication conditions are shown by bold arrows. Compounds in red boxes are 

characterized by crystallographic analysis, those in blue boxes are characterized by fiber 

XRD analysis. a, DMSO system. b, DMF system. c, Optical microscopic image of INT-3. 

Heating of a 30 wt% solution of PI in DMF at 60 °C subsequently cooled to room 

temperature produced di-nuclear plumbate INT-6 ((PbI2)2·DMF2)  (Figure 2.2b, step xiv). 

Plumbate INT-6 reverted to PI when heated at 100 °C by losing coordinating solvent 
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molecules (step xv). When INT-6 was dipped in a solution of MAI in DMF it converted to 

another di-nuclear plumbate INT-7 ((MA+)2(PbI3
−)2·DMF2), which is an iodine-coordinated 

version of INT-6 (step xvi). Plumbate INT-7 was also prepared in one step by heating of a 30 

wt% solution of PI and MAI (1:1 mole ratio) in DMF at 60 °C subsequently cooled to room 

temperature (step xvii). Intermediates INT-6 and INT-7 had diameters ranging around several 

tens of micrometers. The chemical formula of INT-7 has a ratio of lead and iodine equivalent 

to that of PV. This makes it easier to understand that heating of a fibrous crystal of INT-7 at 

100 °C produced a fibrous-shaped crystal of PV (MA+PbI3
−) (step xviii). The crystals of PV 

also decomposed to PI when heated at 130 °C rather gradually (step xix). An important 

finding is that when fibrous PV crystal was exposed to DMF vapor at room temperature it 

smoothly reverted to INT-7 (step xx). This indicates that INT-7 is the most stable chemical 

species in the system composed of an almost equivalent ratio of PI and MAI, and a necessary 

amount of DMF at room temperature. The quick conversion also indicates that these is close 

structural relationships between PV and INT-7, which I will discuss later in combination with 

fiber XRD patterns during the conversion to PV.  

The chemical pathways in DMSO system are similar to DMF system except for a few 

important details. Heating of a 30 wt% solution of PI in DMSO/GBL (3:7 vol/vol ratio) at 60 

°C subsequently cooled to room temperature produced block crystals of mono-nuclear 

plumbate INT-1 (PbI2·DMSO2) (Figure 2.2a, step i). In a similar manner, a 40 wt% solution 

of PI and MAI (mole ratio 1:1) produced di-nuclear plumbate INT-2 ((PbI2)2·DMSO2) as 

fibrous crystals (step ii). Both of them reverted to PI upon heating at 100 °C by loss of 

coordinating solvent molecules (steps iii, iv). When INT-1 was dipped in a solution of MAI 

in isopropyl alcohol it converted to tri-nuclear complex INT-3 

((MA+)2[(PbI3
−)2PbI2]·DMSO2), which has a polymeric structure of three consecutive PbI2 

units coordinated by two iodine atoms (step v). The same complex was obtained by coating 

INT-2 with MAI and DMSO for a rather longer time than INT-1 to INT-3 conversion (step 

vi). The longer reaction time of INT-2 to INT-3 compared to INT-1 to INT-3 is possibly due 

to larger structural differences that make the conversion slower. Similar to the case of DMF 

system, INT-3 was obtained in a single step from PI in the presence of MAI in a mixed 

solvent of DMSO/GBL (3:7 vol/vol ratio) (step vii). The chemical formula of INT-3 

((MA+)2[(PbI3
−)2PbI2]·DMSO2) consists of two equivalents of PV and one equivalent of PI. 

Thus when heated to 100 °C, INT-3 converted to PV and PI with a ratio of 2:1 as evidenced 

by occurrence of XRD peaks of both compounds (step viii). When INT-3 was supplied with 

MAI and heated to 100 °C it converted to PV without forming PI (step ix–xi). During this 

process two transient intermediates are observed in XRD patterns (INT-4 and INT-5). This 

process was investigated in detail by fiber XRD analysis (vide infra). The obtained fibrous 

PV crystal decomposed to PI upon heating to 130 °C by loss of MAI (step xii). As is similar 
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to DMF system, fibrous PV crystals reverted to INT-3 upon exposure to DMSO vapor at 

room temperature smoothly within 0.5 h (step xiii). This indicates that in DMSO system tri-

nuclear complex INT-3 is the most stable species in the presence of solvent. 

2.2.2 Structures of chemical species occurring in PI to PV conversion 
The structures of intermediate species have the trace of the features of the layered crystal 

structure of PI. The crystallographic structures of PI and intermediates are shown in Figure 

2.3. Only two layers of polymeric plumbate are shown for each picture in Figure 2.3. The 

structure of PI consists of layers of (PbI2)n sheets that compose the hexagonal crystal lattice. 

Each Pb–µ2-I bond has a length of 2.98 Å. Plumbate INT-1 is well described as mono-nuclear 

plumbate with each lead atom coordinated by two DMSO molecules. This corresponds to 

slicing one unit of PbI2 from one (PbI2)n layer of PI crystal. The Pb–I bond length of INT-1is 

3.24 Å, which is slightly longer than PI, indicating loosening of Pb–I bonds due to absence of 

rigid bipyramidal covalent bonds as in the sheet of PI crystal. Plumbate INT-2 is in the same 

manner described as di-nuclear plumbate with each terminal coordinated with DMSO 

molecules. The Pb–µ2-I bond lengths are 3.30, 3.34 Å, the terminal Pb–I bond length is 3.16 

Å, also indicating loosened nature of those bonds. Plumbate INT-3 is different from INT-1 

and INT-2 in the sense that it has no DMSO molecule directory coordinating to Pb center. 

Thus this compound is categorized as tri-nuclear plumbate coordinated with each terminal 

coordinated with an iodine atom. As such, in the crystal structure of INT-3 tri-nuclear 

[(PbI3
−)2PbI2] structure does not coordinate with the sulfoxy group of DMSO and also 

separated from MA+. Significantly longer Pb–µ2-I bonds that connect one of the terminal and 

central lead atoms (3.47–3.49 Å) indicate weaker interatomic interaction that comes from 

dianionic nature of tri-nuclear plumbate. The two intermediates species of DMF system also 

has similar interactions in their crystal structures.  
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Figure 2.3. Crystallographic structures of INT-1–3, -6, -7. a, PI. b, INT-1. c INT-2. d, INT-

3. e, INT-6. f, INT-7 

There were found some differences between DMSO system and DMF system in the 

intermediate structures occurring in the chemical conversion. In order to discuss chemical 

structures, the complexes are categorized in terms of the number of lead atoms in each unit 

(mono-, di-, tri-nuclear) and coordinating molecules or atoms at both of the terminals of each 

unit (either iodide or solvent molecule). For instance, INT-1 is a mono-nuclear complex 

coordinated with solvent molecules, and INT-3 is a tri-nuclear complex coordinated with 

iodides. The differences between DMSO and DMF system in terms of this categorization is 

the occurrence of mono-nuclear complex in DMSO system, not in DMF in the same 

conditions, and occurrence of tri-nuclear complex coordinated with iodides in DMSO system 

instead of di-nuclear complex coordinated with iodides in DMF system. Seeing these facts 

one can propose the reason for these differences. It is that basicity of the solvent molecule 

differentiates the structural nature of possible complexes in the system. The basicity of 

solvent molecules can be estimated by their donor numbers.69 The donor numbers of DMSO 

and DMF are 29.8 and 26.6, respectively. The higher donor number of DMSO destabilizes di-
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nuclear complex INT-2 by further coordinating it and produces mono-nuclear complex INT-

1. The fact that tri-nuclear plumbate with iodide coordination (INT-3) is most stable in 

DMSO system is explained by the instability of di-nuclear counterpart due to electronic 

repulsion of negative charges that would enable DMSO molecules to coordinate to the 

terminal of it to produce INT-2. 

2.2.3 Structural mapping of intermediates to PV 
The facile inter-conversions of INT-3 to PV and INT-7 to PV indicate close structural 

relationship between them. An important clue to map atom motions is to know the correlation 

between initial crystal orientation of intermediates and that of resulting PV crystal. In the in-

situ XRD analysis of the conversion of INT-3 to PV it was shown that crystallographic a-

axis, which is also the fiber axis, coincides with (110) normal of PV crystallographic lattice 

(discussed in section 2.2.4). This means that the direction along which tri-nuclear strips of 

plumbate in INT-3 run corresponds to the (110) normal of PV. This correlation is shown in 

Figure 2.4. The crystallographic orientation of INT-3 in Figure 2.4a corresponds to the 

orientation of PV in Figure 2.4b during the conversion of INT-3 to PV. With this information 

on crystallographic orientation in hand one can deduce the whole atom movement during the 

conversion of INT-3 to PV. In the bottom panel of Figure 2.4 are shown atom movements of 

30 units of PbI2 unit during the process of PV formation from PI. For ease of interpretation, 

in the figures only two layers of plumbate are shown, and iodine atoms are considered to 

follow the movement of lead atoms considering the lighter atomic weight of iodine compared 

to lead. In the process of PI to INT-3, the two layers of (PbI2)n (30 units in total) shown in 

Figure 2.4d are either directory converted to the tri-nuclear plumbate strips of INT-3 by 

addition of 20 MAI and 20 DMSO, or cut into pieces to yield mono-nuclear plumbate INT-1 

or di-nuclear plumbate INT-2 and then to be converted to INT-3 by addition of MAI. Figure 

2.4e (the same region is shown in Figure 2.4a) shows the mapping of the tri-nuclear strips of 

INT-3 onto the grid of the cubic lattice of PV. The cubic lattice is inclined by 45° laterally in 

accordance with the discussion on the orientation. During the conversion from INT-3 to PV, 

each layer of the plumbate strip in Figure 2.4e is separated from other neighboring layers as 

shown by the arrows showing the motions of lead atoms to form two columns of consecutive 

three lead atoms (Figure 2.4f). At the same time the central lead atoms of tri-nuclear strips 

move along the fiber axis to form 45° between the terminal lead atoms (Figure 2.4g). This 

conversion occurs with addition of 10 MAI molecules and loss of 20 DMSO molecules. In the 

reverse process from PV to INT-3, two neighboring columns of three consecutive lead atoms 

come across together to form one column of tri-nuclear plumbate. This process is 

accompanied with loss of 10 MAI molecules and addition of 20 DMSO molecules. 
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Figure 2.4. Structural correlation between INT-3 and PV. Only two layers of plumbate is 

shown. (Top panel) Crystal structures of INT-3 and PV. a, Crystal structure of INT-3 seen 

along crystallographic a-axis, which runs along the fiber axis. b, Crystal structure of PV seen 

along the (110) normal. c, Seen along c-axis. (Bottom panel) Schematic images of PI, INT-3, 

and PV corresponding to the Top panel images. d, A selected area of PI layered crystal that 

converts to INT-3 and PV shown in Figure 2.4e–g. e, INT-3 mapped onto the cubic grid of 

PV in Figure 2.4f. f, The cubic lattice of PV that is inclined by 45° laterally. g, Side view of 

Figure 2.4f. 

The same mapping can also be drawn for the DMF system (Figure 2.5). In this case the 

tri-nuclear strips that occurred in DMSO case is simply replaced with di-nuclear strips. There 
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is no addition of MAI during INT-7 to PV conversion. Figure 2.5a and Figure 2.5b 

corresponds to the orientation correlation of the conversion. In Figure 2.5d–g are the atom 

movements of this conversion of a region of 30 units of PbI2. The scheme is essentially the 

same as DMSO case except for difference of the number of lead atoms in the polymeric strips 

of each intermediate (INT-3 or INT-7) and necessity of the supply of MAI.  

 
Figure 2.5. Structural correlation between INT-7 and PV. Only two layers of plumbate is 

shown. (Top panel) Crystal structures of INT-7 and PV. a, Crystal structure of INT-7 seen 

along crystallographic a-axis, which runs along the fiber axis. b, Crystal structure of PV seen 

along the (110) normal. c, Seen along c-axis. (Bottom panel) Schematic images of PI, INT-7, 

and PV corresponding to the Top panel images. d, A selected area of PI layered crystal that 
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converts to INT-7 and PV shown in Figure 2.5e–g. e, INT-7 mapped onto the cubic grid of 

PV in Figure 2.5f. f, The cubic lattice of PV that is inclined by 45° laterally. g, Side view of 

Figure 2.5f. 

Overall essentially the same reaction mechanism was found for two solvent systems, 

DMSO and DMF. This mapping is deduced based on the experimental fact that the fiber axis   

of INT-7 and INT-6 (which crystallographically corresponds to a-axis in both compounds) 

runs along the (110) normal of resulting PV crystal (section 2.2.4). This indicates that the 

resulting PV crystal has a crystallographic orientation that the cubic lattice inclined by 45° 

along the fiber axis. This will have a significant impact on the quality of the thin-films of PV 

obtained by solution process since different crystallographic orientations have different 

carrier transporting properties. This effect is further discussed in Chapter 5.  

2.2.4 Fiber XRD analysis of conversions between intermediates and PV 
Fiber XRD analysis45 is a powerful method to study the anisotropic character of fibrous 

materials (see Section 1.4.1). Since fibers frequently occur in biological systems this method 

is occasionally performed for such compounds.70 In fiber XRD analysis fibrous target 

material is held on a goniometer vertically. The sample was rotated during exposure to X-ray 

radiation. In this configuration the crystallographic planes running vertically against the 

ground give diffraction to lateral direction while those running horizontally give to vertical 

direction. 

This method was used for in-situ measurement of the conversion between INT-3 to PV or 

INT-7 to PV. The measurement was performed for the temperature range of 20–130 °C for 

INT-3 to PV conversion and 20–100 °C for INT-7 to PV conversion (see Figure 2.2). The 

measurement temperature was gradually raised from 20 °C with a 10 °C step and 5 min 

interval.  

Fiber XRD analysis revealed mainly four important facts of the conversion of 

intermediates (INT-3 or INT-7) to PV. Fist of all, the correlation between the 

crystallographic orientation of initial INT-3 or INT-7 fibrous crystal and that of final fibrous 

PV is deduced. Secondly, the crystallographic orientation after the reversion of PV to INT-3 

or INT-7 was investigated, the result of which needs careful description, as I will do later. 

Thirdly, the dependence of different solvent systems on the kinetics of the conversion was 

shown. In the forth place, in the case of DMSO system two transient intermediate species 

were observed (Figure 2.2a) 

Figure 2.6a–d shows 2-D fiber XRD patterns during two cycles of INT-3–PV conversion. 

Figure 2.6a is the 2-D fiber XRD pattern of a bundle of INT-3 fibers which were coated with 

MAI solution by capillary effect. The (0kl) diffractions such as (002), (021), and (022) were 

spotted on the horizontal line running through the center, indicating that the a-axis is running 



 19 

vertically against the ground. The inset in Figure 2.6a shows Bravais, Friedel, Donnay and 

Harker (BFDH) crystal morphology of INT-3 place in such orientation. When this fiber was 

heated to 100 °C it converted to PV and showed its (100) diffraction circle. On the circle were 

six high-intensity spots, two at the horizontal direction and four with 45° inclination. This 

indicates one of the three axes of cubic PV lattice runs along the horizontal line while other 

two running with 45° inclination against it. The inset of Figure 2.6 shows BFDH crystal 

morphology of PV lying in such orientation. Figure 2.6c shows 2-D fiber XRD pattern of 

INT-3 fibers obtained by exposure of PV fibers to DMSO vapor at room temperature. On the 

diffraction circle of each of (002), (021), and (022) signals are four high-intensity spots. Two 

of them coincide with the horizontal line and other two with the vertical line. This fact 

indicates that the INT-3 fibers obtained by reversion of PV partially run along the initial 

vertical direction and the other part along the horizontal direction. The inset of Figure 2.6c 

shows BFDH crystal morphology of INT-3 under such condition. When INT-3 obtained by 

reversion of PV was again heated to 100 °C it converted again to PV without any preferred 

orientation as it gave (100) diffraction circle without significant azimuthal intensity deviation.  

Figure 2.6e–h shows the same experiment for a DMF fiber. Since INT-7 to PV 

conversion does not require addition of MAI the fiber was not coated with MAI. Figure 2.6e 

shows 2-D fiber XRD pattern of a fibrous crystal of INT-7. The diffraction peaks of (0kl) 

such as (020), (011), and (021) were spotted on the horizontal line, indicating the same 

vertical orientation of the fiber as the DMSO fibers. When heated to 100 °C it converted to 

PV and showed (100) diffraction circle of the cubic crystallographic lattice. On the circle 

were eight high-intensity spots in contrast to six spots in the DMSO case. This indicates that 

resulting PV crystal has two orientations. One is the same as DMSO case as in the inset of 

Figure 2.6b, the other is PV cubic lattice laterally inclined by 45°. The inset of Figure 2.6f 

shows such two orientations. When reverted to INT-7 by exposure to DMF vapor it lost 

crystallographic orientation completely and gave diffraction circles without azimuthal 

intensity deviation (Figure 2.6g). There was no orientation in the PV fiber obtained by 

heating regenerated INT-7 (Figure 2.6h). 
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Figure 2.6. Fiber XRD patterns during the conversion of INT-3 to PV and INT-7 to PV. a, A 

bundle of multiple fibers of INT-3 at 20 °C. b, PV obtained by heating of INT-3 at 100 °C. c, 

INT-3 fiber obtained by vapor exposure of a PV fiber. d, PV obtained by heating regenerated 

INT-3. e, INT-7 fiber at 20 °C, f, PV obtained by heating of INT-7. g, INT-7 fiber obtained 

by vapor exposure of a PV fiber. h, PV obtained by heating regenerated INT-7. 

The differences of DMSO system and DMF system, namely the existence of two 

crystallographic orientations of PV obtained from INT-7 (Figure 2.6f), and complete 

orientation loss of reverted INT-7 (Figure 2.6g), help deduce the kinetic effect of solvent on 

the PV formation pathways. The two orientations of PV obtained from INT-7 indicate that in 

this process of converting INT-7 to PV the resulted PV during heating can revert to INT-7 

giving two different orientations as in the case of the reversion of PV to INT-3 in DMSO 

system (Figure 2.6b to c). The fact that reverted INT-7 by vapor exposure of PV has no 

orientation indicates that gradual deviation from the ideal orthogonal reversion orientation 

during the cycles of intermediate–PV inter-conversion occurred quicker than in the DMSO 

system. Those two experimental facts both suggest quicker intermediate–PV inter-conversion 

of DMF system compared to DMSO system. This is further supported by kinetic analysis of 

the PV formation process as described next. 

Figure 2.7 shows kinetics of the conversions between INT-3 and PV, and INT-7 and PV. 

The kinetics in DMSO system is described first. Figure 2.7a shows 1-D XRD patterns during 

the conversion of INT-3 to PV. Figure 2.7b shows intensity change at selected diffraction 

angles. When INT-3 fibers were heated from 20 °C with a step of 10 °C for each 5 min, the 

(100) diffraction signal of PV appeared at 40 °C with a reduction of the intensity of INT-3 

peaks (2θ = 6.6, 7.1, and 9.2°). When further heated to 60 °C, an additional peak appeared at 

2θ = 5.7°, indicating presence of a transient intermediate species. At 80 °C another peak 

appeared at 2θ = 7.9°, indicating presence of another transient intermediate species. These 
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transient intermediates occur during the evolution of PV diffractions signals, indicating that 

the conversion is composed of several element reactions that are governed by stepwise loss of 

solvent molecules under diffusion condition in the fibrous crystals. I note here passing by that 

the diffraction signals of these transient intermediates are sharp enough to support significant 

amount of these species are present in the crystals since a number of repeating units (> 100 

nm, assuming from the limit of Scherrer’s equation) The conversion completed at 130 °C. 

The conversion also completed at 100 °C when the sample was held at this temperature for an 

extended heating time (ca. 2 h). The same experimental conditions were used to monitor the 

conversion of INT-7 to PV (Figure 2.7c, d). When heated from 20 °C, PV diffraction signal 

appeared at 60 °C. The conversion completed quickly when the temperature reached 100 °C. 

There was no transient intermediate species in DMF system.  

 
Figure 2.7. 1-D XRD traces of fiber XRD measurements in Figure 2.6 and intensity profile 

at selected diffraction angles. a, VT fiber XRD measurement result of the conversion from 

INT-3 to PV. b, Linear scale intensity profile at selected diffraction angles of Figure 2.7a. c, 

The same measurement data for INT-7 to PV conversion as in Figure 2.7a. d, The profile of  

Figure 2.7c as in  Figure 2.7a. 
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The quicker conversion of INT-7 to PV than INT-3 to PV (100 °C vs. 130 °C) indicates 

that this process is kinetically more facile. This experimental fact in the INT-7 to PV 

conversion is in accordance with the occurrence of two orientations of PV in the first 

conversion cycle and complete orientation loss of INT-7 regenerated by vapor treatment of 

PV fiber in this solvent system. In addition to these experimental results, the lower donor 

number of DMF compared to DMSO also supports quicker desorption of DMF from the 

plumbate crystal lattice. 

The transient intermediates observed in DMSO system give some insight into the 

conversion process of INT-3 to PV. Figure 2.8 shows 2-D fiber XRD patterns of two 

transient intermediates. The transient intermediate species that gives diffraction peak at 5.7° 

was named as INT-4 and another one that gives a peak at 7.9° was named INT-5. Given that 

INT-4 has lower angle diffraction than INT-3 to a direction perpendicular to the a-axis, this 

transient intermediate has 0.18 nm longer cell lattice to a direction orthogonal to the a-axis 

than INT-3. This corresponds to diffusion of MAI into the crystal lattice of INT-3 since INT-

3 ((MA+)2[(PbI3
−)2PbI2]·DMSO2) needs to take up one equivalent of MAI to yield PV 

(MA+PbI3
−) as in the following chemical equation: 

(MA+)2[(PbI3
−)2PbI2]·DMSO2  + MA+I− = 3 MA+PbI3

− + 2 DMSO 

Thus INT-4 was assigned as (MA+)3Pb3I9
3−·DMSO2. After the evolution of INT-4 diffraction 

signal, diffraction signal of INT-5 appeared as INT-4 signal disappeared. This INT-5 

diffraction was spotted to the direction orthogonal to a-axis of initial INT-3 orientation. 

Considering the fact that the conversion of INT-4 to PV requires loss of two equivalents of 

DMSO molecules, INT-5 was assigned as (MA+)3Pb3I9
3−·DMSO1 (Figure 2.8b). This is 

equivalent to INT-4 – DMSO. The signal of INT-5 gradually disappeared as the conversion 

to PV completed. Overall, the conversion of INT-3 to PV occurs by first diffusion of one 

equivalent of MAI into the crystal lattice of INT-3 followed by successive loss of two 

equivalents of DMSO molecules.  
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Figure 2.8. 2-D fiber XRD patterns of transient intermediates occurring in the conversion 

between INT-3 and PV. a, INT-4. b, INT-5. 

Fiber XRD analysis of PV formation process revealed in-depth views of this crystal-to-

crystal conversion. Important focus point is crystal orientation during the conversions. In 

DMSO system, the conversion of fibrous plumbate INT-3 resulted in oriented crystalline PV 

fiber. This fibrous PV has a crystalline nature, not poly-crystalline nature. The reversion of 

PV to INT-3 still partly keeps initial crystal orientation, while partly running orthogonal to it. 

Second conversion of INT-3 to PV results in near-complete loss of orientation due to 

successive gradual orientation loss. This orientation loss is quicker in DMF system, as in the 

first cycle it already started to give orthogonally aligned PV. The complete orientation loss 

occurred already in the reversion process of PV to INT-7, which is one step earlier than 

DMSO system. The quicker loss is chemically attributed to lower donor number of DMF than 

DMSO.  

2.3 Conclusions 
In this chapter, the whole chemical pathway of a system consists of PI, MAI, and a polar 

solvent, either DMSO or DMF were presented. These solvent systems are of significant 

interest among PV-based solar cell community, since recent reports on solution-processed 

PV-based solar cells almost exclusively use these solvent systems. The whole system consists 

of a series of equilibria involving reversible participation of solvent (shown schematically for 

DMSO system in Figure 2.9). In the middle of the conversion of a 2-D layered sheet crystal 

of PI (Figure 2.9a) to a 3-D cubic crystal of PV (Figure 2.9c) lies a 1-D fibrous crystal of 

intermediates (Figure 2.9b, d). Participation of solvent is required for the conversion of PI to 

intermediates, while removal of solvent is required for the conversion of intermediates to PV. 

Hence, the solvent is necessary for the conversion but should be removed in the end of PV 

formation. The conversion of intermediates to PV is reversible, during which single 

crystalline PV crystal exhibits polycrystalline nature (Figure 2.9e). This equilibrium in the 
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end forms larger PV crystals on a substrate scattered with fibrous intermediates (Figure 2.9f). 

The facile reversal of PV to either INT-3 or INT-7 provokes the importance of precise 

kinetic control of solvent removal when forming high-quality thin-films of PV by solution 

process. At temperatures higher than 130 °C the PV crystal decomposes by loss of MAI, 

which is another stability issue of PV.  

The choice of solvent gave changes in the conversion rate of intermediates to PV and 

morphology of the resulting PV fibers. This will be further discussed in Chapter 3 along with 

the conversion in the system that contains water instead of DMSO or DMF.  

The conversion of intermediates to PV was investigated in detail as an example of 

crystal-to-crystal conversions. Atom-to-atom mapping of intermediates and PV demonstrated 

45° inclination of initial fiber axis and two of the three crystallographic axes of PV. This fact 

poses the importance of quick conversion of intermediates to PV when preparing high-quality 

PV thin-films, as I will discuss in Chapter 5. 

 
Figure 2.9. Schematic image of the chemical pathways in PV formation in DMSO system. a, 

Layered structure of PI. b, Fiber intermediate structure constructed in solvent. c, Final fibrous 

PV solid. d, 1-D fibrous crystal of the intermediate species. e, Polycrystalline PV as the result 
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of repeated inter-conversions between the intermediate species and PV. f, Larger crystal of 

PV as the result of Ostwald ripening process. 

2.4 Experimental 

2.4.1 Synthesis 

2.4.1.1 Methylammonium iodide 

A 33 wt% solution of methylammonium in ethanol (25 mL, 200 mmol) and a 57 wt% 

hydroiodic acid (26.4 mL, 200 mmol) were mixed at 0 °C in a flask. The mixture was stirred 

for 2 h then the solvent was removed under reduced pressure. The resulting crystalline 

powder was then recrystallized with ethanol, and dried under vacuum for 12 h at 60 °C to 

yield a white crystalline solid of  methylammonium iodide (24.0 g, 75 % yield).  

2.4.1.2 INT-1 [mono-nuclear strips of (PbI2)n, PbI2· DMSO2] 

 A 30 wt % PbI2 solution was prepared by adding PbI2 (448 mg) to DMSO/γ-

butyrolactone (GBL) (1.0 mL, 3:7 vol/vol ratio) and it stirred for 12 h at 60 °C. The solution 

was then cooled to room temperature to obtain crystals of INT-1.  

2.4.1.3 INT-2 [di-nuclear strips of (PbI2)n, (PbI2)2· DMSO2]. 

 A 40 wt % PbI2/MAI solution was prepared by adding PbI2 (555 mg) and MAI (192 mg) 

in DMSO/GBL (1.0 mL, 3:7 vol/vol ratio) and it stirred for 12 h at 60 °C. The solution was 

cooled to room temperature, and 10−20 vol % of toluene was added to obtain fibers of INT-2.  

2.4.1.4 INT-3 [tri-nuclear strips of (PbI2)n coordinated by two iodide ions, 

(MA+)2[(PbI3
−)2PbI2]·DMSO2] 

 A 50 wt % PbI2/MAI solution was prepared by adding PbI2 (833 mg) and MAI (287 mg) 

in DMSO/GBL (1.0 mL, 3:7 vol/vol ratio) and it stirred for 12 h at 60 °C. The solution was 

cooled to room temperature to obtain fibers of INT-3.  

2.4.1.5 INT-6 [di-nuclear strips of (PbI2)n, (PbI2)2· DMF2] 

 A 30 wt % PbI2 solution was prepared by adding PbI2 (405 mg) to DMF (1.0 mL) and it 

stirred for 12 h at 60 °C. The solution was then cooled to room temperature to obtain fibers of 

INT-6.  

2.4.1.6 INT-7 [di-nuclear strips of (PbI2)n coordinated by two iodide ions, 

(MA+)2(PbI3
−)2·DMF2] 

 A 50 wt % PbI2/MAI solution was prepared by adding PbI2 (702 mg) and MAI (242 mg) 

in DMF (1.0 mL) and it stirred for 12 h at 60 °C. The solution was cooled to room 

temperature to obtain fibers of INT-7.  

2.4.2 Crystallographic analysis 
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The diffraction images for X-ray crystallographic analysis were collected on a Rigaku 

Rapid II diffractometer equipped with an imaging plate (IP) using Cu Kα (λ = 1.5419 Å) 

radiation. For crystallographic analysis, the sample was removed from the mother liquor and 

put onto a glass slide. A crystal was chosen and then it was put on and taken off from a glass 

slide several times to remove liquid from its surface. The positional and thermal parameters 

were refined by the full-matrix least-squares method using SHELXL-2014/7 program.71 The 

Yadokari-XG software was used for refinement of the structure.72 
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2.4.2.1 Crystallographic data of INT-1 (20 °C) (CCDC 1064049) 

Formula C2I2O2PbS2, 4(C0.50) 
Formula weight 605.15 
Measurement temperature 293(2) K 
Crystal system Orthorhombic 
Space group Cmmm 
Lattice parameters a = 11.0774(7) Å 
 b = 13.8442(8) Å 
 c = 4.5169(3) Å 
 α = 90° 
 β = 90° 
 γ = 90° 
Volume 692.70(8) Å3 
Z value 2 
Density (calculated) 2.901 g/cm3 
F(000) 520 
Number of reflections measured 3710 
Number of unique reflections 398 
Rint 0.1488 
Number of observed reflections (I > 2σ(I)) 385 
Goodness of fit indicator 1.193 
Final R1 indices [I > 2σ(I)] (Robs, wRobs) 0.0470, 0.1057 
R indices [all data] (Rall, wRall) 0.0484, 0.1079 
Largest diff peak and hole 2.193/−1.091 e·Å−3 
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2.4.2.2 Crystallographic data of INT-2 (−150 °C) (CCDC 1063983) 

Formula C2H6I2OPbS 
Formula weight 539.12 
Measurement temperature 123(2) K 
Crystal system Orthorhombic 
Space group Pnma 
Lattice parameters a = 17.7962(11) Å 
 b = 4.5112(3) Å 
 c = 11.1382(6) Å 
 α = 90° 
 β = 90° 
 γ = 90° 
Volume 894.20(9) Å3 
Z value 4 
Density (calculated) 4.005 g/cm3 
F(000) 920 
Number of reflections measured 5527 
Number of unique reflections 905 
Rint 0.0809 
Number of observed reflections (I > 2σ(I)) 814 
Goodness of fit indicator 1.202 
Final R1 indices [I > 2σ(I)] (Robs, wRobs) 0.0758, 0.1716 
R indices [all data] (Rall, wRall) 0.0833, 0.1769 
Largest diff peak and hole 3.446/−3.499 e·Å−3 
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2.4.2.3 Crystallographic data of INT-2 (20 °C) (CCDC 1415481)  

Formula C2H6I2OPbS 
Formula weight 539.13 
Measurement temperature 293(2) K 
Crystal system Orthorhombic 
Space group Pnma 
Lattice parameters a = 17.9494(9) Å 
 b = 4.5326(2) Å 
 c = 11.2165(6) Å 
 α = 90° 
 β = 90° 
 γ = 90° 
Volume 912.55(8) Å3 
Z value 4 
Density (calculated) 3.924 g/cm3 
F(000) 920 
Number of reflections measured 9143 
Number of unique reflections 955 
Rint 0.1011 
Number of observed reflections (I > 2σ(I)) 826 
Goodness of fit indicator 1.187 
Final R1 indices [I > 2σ(I)] (Robs, wRobs) 0.0646, 0.1360 
R indices [all data] (Rall, wRall) 0.0766, 0.1428 
Largest diff peak and hole 2.076/−2.074 e·Å−3 
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2.4.2.4 Crystallographic data of INT-3 (−150 °C) (CCDC 1063982) 

Formula I8Pb3, 2(C2OS), 2(CN) 
Formula weight 1832.97 
Measurement temperature 123(2) K 
Crystal system Orthorhombic 
Space group Cmc21 
Lattice parameters a = 4.59140(10) Å 
 b = 27.2463(5) Å 
 c = 26.7574(5) Å 
 α = 90° 
 β = 90° 
 γ = 90° 
Volume 3347.32(11) Å3 
Z value 4 
Density (calculated) 3.637 g/cm3 
F(000) 3072 
Number of reflections measured 18021 
Number of unique reflections 3472 
Rint 0.1022 
Number of observed reflections (I > 2σ(I)) 2740 
Goodness of fit indicator 1.150 
Final R1 indices [I > 2σ(I)] (Robs, wRobs) 0.0639, 0.1600 
R indices [all data] (Rall, wRall) 0.0820, 0.1714 
Largest diff peak and hole 4.354/−3.250 e·Å−3 
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2.4.2.5 Crystallographic data of INT-3 (20 °C) (CCDC 1415480) 

Formula I8Pb3, 2(C2OS), 2(CN) 
Formula weight 1832.97 
Measurement temperature 293(2) K 
Crystal system Orthorhombic 
Space group Cmc21 
Lattice parameters a = 4.6216(7) Å 
 b = 27.455(4) Å 
 c = 26.933(4) Å 
 α = 90° 
 β = 90° 
 γ = 90° 
Volume 3417.5(9) Å3 
Z value 4 
Density (calculated) 3.563 g/cm3 
F(000) 3072 
Number of reflections measured 15373 
Number of unique reflections 3307 
Rint 0.1918 
Number of observed reflections (I > 2σ(I)) 1000 
Goodness of fit indicator 0.713 
Final R1 indices [I > 2σ(I)] (Robs, wRobs) 0.0650, 0.1030 
R indices [all data] (Rall, wRall) 0.2054, 0.1278 
Largest diff peak and hole 2.131/−1.909 e·Å−3 
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2.4.3 Fiber XRD analysis 
The diffraction images for fiber X-ray analyses were collected on a Rigaku Rapid II 

diffractometer equipped with an IP using Cu Kα (λ = 1.5419 Å) radiation. Diffraction images 

were taken under the following conditions: exposure time, 1 s/ °; dω, 180°. The fiber was 

placed with its fiber axis perpendicular to the horizontal line. The fiber was kept under 

nitrogen atmosphere during measurement. The measurement temperature was controlled by a 

heater attached to the nitrogen generator. Image acquisition took 5 min, 3 min for exposure, 2 

min for IP reading. 

2.4.3.1 Sample preparation method for conversion of INT-3 + MAI to PV 

For INT-3 fibers coated with MAI and DMSO, first, a bundle of fibers was removed from 

the mother liquor by tweezers and put on a glass slide. Then a sample loop was used to pick 

up multiple fibers without removing liquid from their surface, and the fibers were mounted on 

a goniometer. 

2.4.3.2 Sample preparation method for conversion of INT-3 to PV and PI 

For INT-3 fibers without MAI and DMSO, first, a sample loop was used to pick up a 

single fiber. To remove liquid from the surface, the fiber was dipped into a droplet of 

dichloromethane and then mounted on a goniometer. 

2.4.3.3 Conversion from INT-3 to PV 

The conversion from INT-3 to PV was performed in the following manner. INT-2 fibers 

were put on a glass slide without removing the solvent surrounding them. The sample was left 

under ambient conditions until most of the solvent evaporated (for 2 h) to obtain INT-3 fibers 

covered with MAI. A bundle of fibers aligned in the same direction was then taken by a 

sample loop and mounted on a goniometer. INT-3 fibers were heated from 20 to 100 °C with 

an interval of 5 min for each 10 °C. Conversion to PV was completed around 0.5 h after the 

temperature reached 100 °C. The conversion quickly finished at 130 °C. 

2.4.3.4 Conversion from INT-7 to PV 

The conversion from INT-7 to PV was studied in a similar manner as for INT-3−PV 

conversion. INT-7 fibers were prepared directly from solution. A single INT-7 fiber was 

heated from 20 to 100 °C with an interval of 5 min for each 10 °C. The conversion completed 

when the temperature reached 100 °C. 

2.4.3.5 Vapor treatment experiment 

For the vapor-treatment experiment the PV fiber sample was prepared from INT-3 or 

INT-7 as described above. The PV fiber sample was kept for 0.5 h under nitrogen saturated 

with DMSO or DMF vapor. The fiber XRD measurement was performed at 20 °C. 

Conversion to PV finished at 100 °C. 
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Figure 2.10. Fiber XRD patterns of conversion among PI, INT-1–3, INT-6, -7, and PV (1/3). 

a, Simulated XRD patterns of PI57, INT-1–3, INT-662, 763, and PV29. b, XRD pattern of INT-

1 treated with MAI. INT-1 crystals were put onto a glass slide from the mother liquor. One 

drop of MAI solution (60 mg/mL in isopropyl alcohol) was coated over the crystals. After 30 

s, the rod-like crystals of INT-1 exhibited polycrystalline surface texture. After these 

operations INT-1 fully converted to INT-3. c, XRD patterns of a bundle of INT-2 fibers 

coated with MAI and DMSO. INT-2 converts to INT-3 within 0.5 h. d, XRD patterns of an 

INT-3 fiber, which was washed by dichloromethane before measurement to remove MAI 

from the fiber surface. After 2 h the fiber converted to PI and PV. 

a

b

c

d
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Figure 2.11. Fiber XRD patterns of conversion among PI, INT-1–3, INT-6, -7, and PV (2/3). 

a, XRD patterns of inter-conversion between INT-3 and PV. A bundle of INT-3 fibers was 

heated from 20 °C to 130 °C with a 10 °C step.  Each measurement took 5 min. The resulting 

PV fiber was then treated with DMSO vapor for 0.5 h at 25 °C and measured at 20 °C. 

Finally the fibers were heated to 100 °C for 0.5 h and measured at 100 °C. b, XRD patterns of 

inter-conversion between INT-7 and PV. A single INT-7 fiber was heated from 20 °C to 100 

°C with a 10 °C step. Each measurement took 5 min. The resulting PV fiber was then treated 

with DMF vapor for 0.5 h at 25 °C and measured at 20 °C. Finally the fiber was heated to 100 

°C for 0.5 h and measured at 100 °C. 

a b
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Figure 2.12. Fiber XRD patterns of conversion among PI, INT-1–3, INT-6, -7, and PV (3/3). 

a, XRD patterns of a rod crystal of INT-1 at 20 °C and after heating at 100 °C for 5 min. 

Decomposition to PI occurred within 5 min. b, XRD patterns of a single INT-2 fiber at 20 °C 

and then heated to 100 °C for 30 min. Decomposition to PI occurred within 30 min. c, XRD 

patterns of an INT-6 fiber at 20 °C and after heating at 100 °C for 10 min measured at 100 

°C. Decomposition to PI occurred within 10 min. d, XRD pattern of INT-6 fibers dipped in a 

MAI solution in DMF for 0.5 h. e, XRD patterns of a PV fiber prepared from INT-3 heated at 

130 °C over two hours. A peak of PI started to appear at 2θ = 12.6°. f, XRD patterns of a PV 

fiber prepared from INT-7 heated at 130 °C over two hours. A peak of PI started to appear at 

2θ = 12.6°. 

2.4.4 SEM analysis 

e

a

b

c

d

f
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 SEM measurement was conducted on an FEI Magellan 400L instrument at a landing 

voltage of 1 kV under a reduced pressure of 5 × 10−5 Pa.  
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Chapter 3.  

 

Chemical origin of the effects of water on lead perovskite 

crystal growth 
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3.1 Introduction 
The effect of water on the formation process of lead perovskite (CH3NH3

+PbI3
−; 

MA+PbI3
−; PV) is often discussed in two different contexts. One is concerned with 

decomposition of PV to lead iodide (PbI2; PI) and methylammonium iodide (CH3NH3
+I−; 

MAI),73-77 the other is control of PV thin-film morphology to boost the performance of solar 

cell devices.78-82 The former refers to an adverse effect of water, the latter to a beneficial 

effect. Yet still unanswered question is from where those two controversial effects originate. 

In this chapter is presented a discussion of the effect of water to the crystallization 

process of PV from chemistry-oriented viewpoint. Specifically I isolated an intermediate 

species of PV in water,63 and analyzed the conversion process to PV using X-ray diffraction 

(XRD) analysis as in Chapter 2. The specific concern in this analysis was the kinetics of PV 

formation process. This kinetics was investigated on the basis of acid–base and coordination 

chemistry. The results provided an evident connection between the two controversial effects 

of water.  

Decomposition of PV by water vapor is one of the concerns of PV-based devices. In the 

beginning of PV-based solar cells research, a group of researchers reported vacuum co-

deposition method to avoid this issue.60 This method gave better reproducibility that can be 

associated to the water-free environment during the film deposition process. Some other 

methods include the use of 2-D perovskite materials that are better tolerant against 

degradation by water vapor.77 In a similar manner, a method to use thiocyanite instead of 

iodide to form a different perovskite crystal structure was developed to alleviate the 

decomposition.83,84 

Regarding the beneficial effects of water to PV, there are several reports that mention that 

water vapor can enhance film morphology of PV.78-82 A group of researchers reported that by 

annealing thin-films in ambient conditions achieved high PCEs up to 19.3%78 – among the 

top records of lead perovskite solar cells. The effect of water vapor on the performance of 

solar cells was rather comprehensively studied using UV-Vis spectroscopy and 

photoluminescence experiments.82 

These reports well represent phenomenological observations of the effects of water, yet 

the chemical origins of these effects remain elusive. In this chapter I focus on chemical 

experiments using XRD analysis of reaction products. Here I demonstrate that, by studying 

the conversion of a fibrous PV intermediate to PV occurring in the system composed of 

water, PI, and MAI, formation of PV from plumbate intermediates is more facile in this 

system than in DMF or DMSO system. It was found that water rather accelerates reversible 

conversion from the intermediate to PV, than “deteriorates” PV. This fast conversion can be 

attributed to the weaker Lewis basicity of water compared to other frequently-used solvents 
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such as DMF and DMSO. Along with discussions in Chapter 2, it is also demonstrated that 

the morphology of PV crystals depends on the crystal lattice volume change between 

plumbate intermediates and PV, which is smallest in water system among three solvent 

systems. The idea to avoid significant volume change suggests formation of PV crystals 

without the formation of plumbate intermediates should serve as a way to form smoother and 

more dense PV thin-films in solution process. These findings provide clues to understand the 

effects of water during fabrication of PV-based devices. 

In the following discussion INT-3 ((MA+)2[(PbI3
−)2PbI2]·DMSO2) and INT-7 

((MA+)2·(PbI3
−)2·DMF2) first described in Chapter 2 are renamed as INT-S  and INT-F, 

respectively. 

3.2 Results and discussion 

3.2.1 Chemical reactions in water system 
I first identified chemical species that exist in a system composed of water, MAI, and PI 

using X-ray diffraction (XRD) analysis (Figure 3.1). When PI was added to a solution of 

MAI in water (2 mol/L) it immediately produced di-nuclear polymeric plumbate 

((MA+)2·(PbI3
−)2·(H2O)2; INT-W) as pale-yellow precipitates, which was isolated in different 

conditions previously.63 When the suspension was heated to 90 °C it produced black 

precipitates of PV without dissolution of INT-W. This conversion occurred reversibly; when 

the suspension of PV was cooled to room temperature it reverted to a pale-yellow suspension 

of INT-W.  

 
Figure 3.1. Chemical equilibrium of the system composed of water, PI and MAI.  
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Concentration of MAI plays an important role in reactions occurring in the water system. 

The reaction occurred in the form of precipitates since the solubility of INT-W in water is 

low, similar to that of PI. Thus, the reaction from PI to INT-W is driven by rapid equilibrium 

of the following chemical equation on the surface of PI solid upon addition of MAI: 

2 PbI2 + 2 MA+I− + 2 H2O ⇄ (MA+)2·(PbI3
−)2·(H2O)2 

As such, the equilibrium that involves water, MAI, and PI controls this reaction. Because 

the amount of water is constant at the surface of PI, the concentration of MAI controls this 

reaction. A high concentration (e.g. 2 mol/L) of MAI was used for preparing INT-W; lower 

concentrations (e.g. 0.5 mol/L) gave no reaction to PI. When INT-W precipitates were taken 

out from a 2 mol/L water solution of MAI it produced tetra anion ((MA+)4·(PbI6
4−)·(H2O)2; 

TA)62 due to concentration of MAI at the surface of precipitates.  

This concentration dependence demonstrates that the chemical species in this system are 

in equilibrium one another by reversible participation of water and MAI molecules. Since the 

only difference of the chemical formulae of INT-W and PV is presence of water molecules 

the inter-conversion of INT-W and PV is simply described as reversible participation of 

water molecules in the solid-state. 

3.2.2 Structures of INT-W and related plumbate species 
Figure 3.2 shows crystallographic structures of INT-W ((MA+)2(PbI3

−)2·(H2O)2), -F 

((MA+)2(PbI3
−)2·DMF2),63 and -S ((MA+)2[(PbI3

−)2PbI2]·DMSO2), focusing on one strip of 

plumbate(II) unit seen along the fiber axis for each intermediate. All structures are measured 

at the same temperature (−150 °C) to allow comparison of bond lengths and connection 

angles. The terminal iodine atom of the plumbate(II) strip of each intermediate is interacting 

with a positively charged MA+ fragment, which is also interacting with an solvent molecule 

(H2O, DMF, or DMSO). Preceding the following discussion I point out that the positions of 

hydrogen atoms in the crystallographic structures are not directory calculated from diffraction 

data of the X-ray measurement, but are calculated as idealized hydrogen positions from their 

designated bond connectivity.71 As such, the positions of heavier atoms (C, N, O, S, I, and Pb) 

are used for discussing atom interactions.   

The distances between the terminal iodine atom and positively charged nitrogen atom of 

the nearest MA+ cation are 3.64, 3.59, and 3.62 Å for INT-W, -F, and -S, respectively. These 

values are within the sum of Van der Waals radii of iodine, hydrogen atom, and common 

cationic N–H bond length85 (1.98 + 1.20 + 1.03 = 4.21 Å). In the same manner, the distances 

of the nitrogen atom of MA+ and the oxygen atom the nearest solvent molecule are 2.85, 2.80, 

and 2.80 Å respectively, all within the sum of Van der Waals radii of nitrogen and oxygen 

atoms, and hydrogen  (1.55 + 1.20 + 1.03 = 3.78 Å). The angles of I–N-O are 74, 82, and 82° 

respectively. These angles allow one of the hydrogen atoms on the nitrogen atom of MA+ 
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molecule to head to the terminal iodine atom of the plumbate strip and another to head to the 

oxygen atom of the solvent molecule. These close distances and wide angles, along with the 

fact that there are negative charges in the di- or tri-nuclear trips of plumbate and a positive 

charge in the MA+ molecule concludes that the plumbate trips are sustained by hydrogen 

bond networks via MA+ and solvent molecules. This interaction can be denoted as Pb···H–N–

H···O where ‘···’ indicates hydrogen bond. 

The molecular interactions discussed above give an implication on the reaction kinetics of 

the conversion of these intermediates to PV. The conversion from intermediates to PV 

involves removal of solvent molecules in the crystal of these intermediates. Thus when the 

solvent molecule of an intermediate has stronger coordination ability its interaction with 

neighboring MA+ cation becomes stronger and the detachment of it becomes slower. This 

suggests that the coordination ability of water, DMF, or DMSO controls the removal of these 

molecules during intermediate–PV conversion (vide infra). 



 42 

 
Figure 3.2. Interactions between di- or tri-nuclear strips of plumbate and surrounding 

molecules in the crystallographic structures of INT-W, -F, and -S, seen from the fiber axis. 

Numbers written in italic style are angles, others are distances. Inter-fragment interactions are 

highlighted by yellow dashed lines. The crystallographic date are obtained at −150 °C.  a, 

INT-W. b, INT-F. c, INT-S. 

3.2.3 Conversion kinetics study 
I used XRD measurements to monitor the reactions between INT-W and PV (Figure 3.3) 

as I described in Chapter 2. Single crystalline fibers (ca. 15 micrometers in diameter) of INT-

W were taken out from mother liquor and washed by dichloromethane to wipe off excess 

MAI solution sticking on the surface. I note here that when the liquid on the surface of the 

fiber was not cleaned the fiber converted to the octahedral PbI6
4− cluster TA (Figure 3.1) due 
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to concentration of MAI on the surface. Then an INT-W fiber was mounted on a sample loop 

with its fiber axis perpendicular to the horizontal line under nitrogen atmosphere. The 

temperature was raised stepwise from 20 °C to 100 °C over 40 min with an interval of 10 

°C/5 min for each measurement. At 20 °C the XRD pattern was in good agreement with 

simulated powder pattern of INT-W. The conversion to PV started already at ca. 30 °C, 

which is quicker than the same experiment performed for DMSO and DMF systems (Figure 

3.4). At 50 °C the peaks of INT-W disappeared and the resulting XRD pattern become 

identical to PV. Thus I concluded that the reaction completed at this temperature. Hereafter I 

use the term T(PV) as the temperature at which intermediate diffraction peaks disappears and 

only PV diffraction are present in the XRD pattern. I note here that the intensity of PV 

increases after 50 °C because of gradual Ostwald ripening process by thermally activated ion 

migration as discussed in Chapter 2. This quick conversion is in stark contrast to DMF or 

DMSO system, wherein the conversion completed at 100 °C or 130 °C, respectively. The 

conversion in DMSO system is quicker in the beginning but complete disappearance of INT-

S is slower than the other systems. The quicker conversion in the beginning is because in this 

system the conversion accompanies intake of MAI and formation of transient intermediates 

thus there is a different type of conversion pathway that involves stepwise bond formation via 

these transient intermediates. Similar to DMF and DMSO systems, the intermediate–PV 

conversion is reversible in water system, with a slower reversion time. When the PV fiber 

obtained from INT-W was kept in saturated water vapor it reverted to INT-W over 2 h. The 

same reaction in DMF or DMSO system completed within 0.5 h. Because the system 

composed of PI, MAI, and solvent is in equilibrium, the slower conversion in water system 

indicates lower affinity of water molecules to PV. 

 
Figure 3.3. The time course of the conversion from INT-W to PV by stepwise heating. a, 

XRD signal intensity between 2θ = 5° to 15°. b, Intensity–time course plot of diffraction 

peaks from PV (14.0°) and INT-W (8.5° and 10.5°). 

Based on the experimental fact on the reaction kinetics and discussions on the solvent 

molecule interactions in the crystal structures, I draw the following interpretation of solvent 
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roles on the reaction. When the system contains a sufficient amount of solvent is produces 

corresponding plumbate intermediate at room temperature. When the system is applied with 

heat, the solvent molecules in the intermediate crystal go out of the crystal due to thermal 

movement. Although the intermediate–PV conversion is reversible, the solvent molecule once 

goes out of crystal it diffuses infinitely away outside of the system, hence PV is produced. 

Because the solvent molecule is bound to MA+ via hydrogen bond, the temperature at which 

thermal movements let the solvent molecules away depends on the coordination ability of the 

solvent molecule.   

 
Figure 3.4. Comparison of the conversion kinetics of three different solvent systems (DMSO, 

DMF, H2O) between intermediates and PV. The plots are XRD intensity against temperature 

and elapsed time. a, XRD intensity of intermediates in three systems. b, XRD intensity of PV 

in three systems. 

As the measure of coordination ability, I discuss the donor number of these solvents. The 

donor number (DN) of water, DMF, and DMSO are 18.0, 26.6, and 29.8, respectively (Table 

3.1). 69 As discussed above, the water molecule in the crystal of INT-W is interacting with the 

positively charged nitrogen atom of MA+ through hydrogen bond. The same interaction also 

exists for DMF and DMSO intermediates. This situation is similar in their pure liquid form. 

All of these solvent molecules have inter-molecular hydrogen bond interactions. Thus the 

boiling points (bps) of these solvents are in good accordance with T(PV) and DN (Figure 

3.5). Water has the lowest bp, DN, and T(PV) among the three solvents. Those numbers of 

DMF come in the middle, and those of DMSO come on the top. The weak interaction of 

water molecule with MA+ can induce detachment of water at an earlier stage of the 

conversion. I note here that the conversion process is reversible, which becomes important in 

the later discussion. 

a b
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Figure 3.5. Comparison of solvent properties (boiling point (bp) and donor number (DN)) 

and intermediate–PV conversion temperatures (T(PV)) in water, DMF, and DMSO systems. 

Table 3.1. Solvent parameters69 and pKa values of solvents related to plumbate intermediates 

and MA+.86 

Solvent Dielectric 

constant 

Dipole 

moment (D) 

bp (°C) DN AN pKa 

H2O 80 1.85 100 18.0 54.8 15.7 

DMF 38 3.82 153 26.6 16.0  

DMSO 46.7 3.96 189 29.8 19.3  

MA+      10.66 

 

3.2.4 Reaction mechanisms in water system 
Two-dimensional (2-D) XRD images show crystal orientation during the conversion 

(Figure 3.6). As I discussed in Chapter 2, from changes of orientation during the conversion 

one can identify the atom-to-atom mapping before and after the conversion. Figure 3.6a 

shows the image before conversion. Diffraction peaks of (100) and (101) are aligned parallel 

to the horizontal line, which coincides with the fiber orientation. After conversion to PV, 

eight spots appeared along (100) diffraction circle. This indicates that the resulting PV has 

two orientations; one is parallel to the horizontal line, the other 90° inclined to that, similar to 

the observations on the DMF system thus indicating quicker inter-conversion between 
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intermediate and PV than in the DMSO system. The XRD pattern of the fiber reverted back 

to INT-W by exposure to water vapor showed (100) and (101) peaks of INT-W, which are 

aligned parallel to the horizontal line similar to the one before inter-conversion cycle with 

some azimuthal signal widening. This observation indicates that regeneration of INT-W from 

PV accompanies tendencies to regain the initial crystallographic orientation that, as discussed 

later in conjunction with volume change during the conversion, come from morphological 

smoothness of the resulting PV fiber. The XRD pattern of the fiber converted to PV again by 

heated to 100 °C showed no azimuthal signal intensity deviation, indicating the loss of any 

orientation of the crystal, which is the same for both DMF and DMSO systems. 

 
Figure 3.6. 2-D XRD patterns during inter-conversion of INT-W and PV. a, A single crystal 

fiber of INT-W. b, Fibrous PV prepared by heating INT-W. c, INT-W prepared by reversion 

of PV by moisture treatment. d, Fibrous PV prepared by heating again the reverted INT-W.  

In accordance with the DMSO and DMF systems, above XRD data enable to elucidate 

the reaction mechanism in the crystal-to-crystal conversion as in Figure 3.7 and Figure 3.8. 

There can be two ways to map atoms of INT-W crystal structure onto cubic lattices of PV 

(vertical or horizontal).  
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Figure 3.7. Structural correlation between INT-W and PV (1/2). Only two layers of plumbate 

is shown. (Top panel) Crystal structures of INT-W and PV. a, Crystal structure of INT-W 

seen along crystallographic b-axis, which runs along the fiber axis. b, Crystal structure of PV 

seen along the (110) normal. c, Seen along c-axis. (Bottom panel) Schematic images of PI, 

INT-W, and PV corresponding to the Top panel images. d, A selected area of PI layered 

crystal that converts to INT-W and PV shown in Figure 3.7e–g. e, INT-W mapped onto the 

cubic grid of PV in Figure 3.7f. f, The cubic lattice of PV that is inclined by 45° laterally. g, 

Side view of Figure 3.7f. 
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Figure 3.8. Structural correlation between INT-W and PV (2/2). Only two layers of plumbate 

is shown. (Top panel) Crystal structures of INT-W and PV. a, Crystal structure of INT-W 

seen along crystallographic b-axis, which runs along the fiber axis. b, Crystal structure of PV 

seen along the (110) normal. c, Seen along c-axis. (Bottom panel) Schematic images of PI, 

INT-W, and PV corresponding to the Top panel images. d, A selected area of PI layered 

crystal that converts to INT-W and PV shown in Figure 3.8e–g. e, INT-W mapped onto the 

cubic grid of PV in Figure 3.8f. f, The cubic lattice of PV that is inclined by 45° laterally. g, 

Side view of Figure 3.8f. 

3.2.5 Effects of solvents on morphology 
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The SEM images of PV fibers obtained from water revealed their smooth surface (Figure 

3.9b). This smoothness is similar to PV fibers obtained from INT-S, but stands in contrast to 

the rough and cracked surface of PV fibers obtained from INT-F (Figure 3.9a). I reason this 

observation by considering volume changes during the intermediate–PV conversion. Smaller 

volume changes allow smoother surface of resulting PV fibers due to lower degree of 

deformation required for the resulting shrinkage after the conversion. 

 
Figure 3.9. SEM images of fibrous PV prepared from different intermediates. a, PV fiber 

prepared from DMF-coordinated precursor INT-F ((MA+)2·(PbI3
−)2·DMF2). b, PV fiber 

prepared from water-coordinated precursor INT-W ((MA+)2·(PbI3
−)2·(H2O)2). 

Figure 3.10 shows the comparison of volumes of intermediates and PV per Pb atom in the 

three solvent systems. The volume change during the conversion of INT-W to PV is 10% 

(273 Å3 to 247 Å3), which is the smallest value among the three systems. The volume change 

in the DMSO system is the second smallest, 13% (285 Å3 to 247 Å3). The volume change in 

the DMF system is the largest, 30% (354 Å3 to 247 Å3). This difference comes from the size 

of solvent molecules and the number of Pb atoms in the plumbate intermediates. The size of 

water is smallest, followed by DMSO and DMF. The fact that INT-S has one more column of 

lead atoms in each plumbate strip (tri-nuclear plumbate) gives more dense Pb atom 

concentration, thus giving a significant lowering in the volume change. The volume change is 

only 10% in water system and only slightly higher in DMSO system (13%) thus giving 

smoother surfaces of the resulting fibers. That of DMF system is as much as 30% thus giving 

fractured surfaces. 



 50 

 
Figure 3.10. Volume comparison of conversions between intermediates (INT-W, -F, and -S) 

and PV. The volumes are calculated from lattice constants measured at 20 °C. 

These facts give an explanation to the observed crystallographic orientations of 

intermediate fibers obtained by reversion of PV in the three solvent systems. The orientation 

in water and DMSO systems retain certain degree of initial orientations, while that in DMF 

system does not. The retention of orientation in water and DMSO systems is due to tight 

packing of crystallites in PV fibers that does not require significant mass migration to form 

intermediates.  

In order to produce flaw-less crystallites of PV from plumbate intermediates, there should 

be smaller changes of volume during the conversion. In this regard, the conversion pathway 

in the water system is more desirable than that in the other two solvent systems discussed 

here, as the volume change is smallest due to the smaller size of water molecule than the other 

two solvents. 

3.2.6 Water-assisted acceleration in the equilibrium of DMSO or DMF 

system 
The equilibrium in DMF or DMSO system is experimentally known to be accelerated by 

supply of water vapor.82 With discussions above in mind, this behavior can be explained in 

the following matter. When PV is being produced from INT-F or INT-S the system is in 

equilibrium controlled by removal of solvent molecules to the out side of the system. When 

water is present in addition to these solvents, water molecules can participate in the 

equilibrium thus giving INT-W either directory from INT-F or INT-S, or via PV. Once INT-

W is present in the equilibrium, the conversion to PV occurs at lower temperatures than the 

conversion pathway from INT-F or INT-S. As such the conversion from INT-F or INT-S to 

PV is accelerated. The decomposition of PV to PI is also induced by the presence of water. 
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PV, when supplied with water, produces INT-W. When this is long left and MAI gradually 

diffuses to outside of the system50,87-90 it produces PI. I note here that in the experiment 

synthesizing INT-W in aqueous MAI solution, lower concentrations of MAI gave PI while 

higher concentrations gave INT-W. This indicates that gradual loss of MAI can let the 

equilibrium to produce PI. 

 
Figure 3.11. The pathways involved in the formation of PV from INT-F or INT-S, or 

decomposition of PV to PI in the presence of trace amount of water. Solid bold arrows are 

used for chemical reactions accelerate PV formation process. Dashed bold arrow indicates the 

path leads to decomposition to PI. 

3.2.7 Conclusions 
In summary, I presented the chemical understanding of the effect of water on the 

conversion pathway to PV. Coordination chemistry plays an important role in the kinetics of 

the conversion of multi-nuclear strips of plumbate(II) intermediates to PV. Because PV 

formation is in equilibrium with plumbate(II) intermediates, presence of water can accelerate 

the formation of PV by participation of the quicker PV formation pathway in the water 

system. Water system also helps formation of PV crystals with smoother surface due to small 

shrinkage of the volume during the conversion. These effects are due to (1) smaller size of 

water molecule, (2) lower coordination ability (donor number) of water, (3) lower boiling 

point of water (also related to (2) since it depends on the intermolecular interactions in the 

liquid state). These factors will serve as the criteria for the choice of solvent used in PV 

formation process. Ideally there should be no volume change to produce smooth solid surface, 

thus a way to construct three-dimensional PV structure without forming two-dimension 

fibrous structures would serve as a method to improve the quality of PV crystals. The facts 

that INT-W can exist only in the presence of high concentrations of MAI and that water 

vapor treatment of PV reverts it back to INT-W, indicate that when PV is left in the presence 

of water it can gradually produce PI by losing MAI over time. The detailed chemical picture 
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of the effect of water presented here will rationalize the phenomenological observations 

regarding the presence of water in PV-based solar cells reported up to now and further 

support development of PV-based solar cell fabrication processes.  

3.3 Experimental section 

3.3.1  Preparation of fibrous INT-W [(MA+)2(PbI3
−)2·(H2O)2] 

 PbI2 (184 mg, 0.4 mmol) and MAI (318 mg, 2.0 mmol) were mixed in water (1.0 mL), 

and immediately it produced precipitates of INT-W. The suspension was heated to 90 °C for 

30 min to form black PV suspension. When cooled to room temperature it formed fibrous 

crystals of INT-W over 2 h.  

3.3.2 Fiber XRD analysis 
The diffraction images for fiber X-ray analyses were collected on a Rigaku Rapid II 

diffractometer equipped with an IP using Cu Kα (λ = 1.5419 Å) radiation. Diffraction images 

were taken under the following conditions: exposure time, 1 s/ °; dω, 180°. The fiber was 

placed with its fiber axis perpendicular to the horizontal line. The fiber was kept under 

nitrogen atmosphere during measurement. The measurement temperature was controlled by a 

heater attached to the nitrogen generator. Image acquisition took 5 min, 3 min for exposure, 2 

min for IP reading. 

3.3.2.1 Conversion from INT-W to PV 

INT-W fibers were prepared directly from solution. A single INT-W fiber was heated 

from 20 to 100 °C with an interval of 5 min for each 10 °C. The conversion completed when 

the temperature reached 100 °C. 

3.3.2.2 Vapor treatment experiment 

The PV fiber sample was kept in a saturated water vapor atmosphere for 2 h. The fiber 

XRD measurement was performed at 20 °C. Conversion to PV finished at 100 °C. 
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Figure 3.12. 1-D traces of XRD experiment. a, Reference calculated XRD patterns of PI,57 

INT-W,63 TA,62 and PV.29 b, XRD patterns of fiber XRD measurement. 

3.3.3 Crystallographic analysis 
The diffraction images for X-ray crystallographic analysis were collected on a Rigaku 

Rapid II diffractometer equipped with an imaging plate (IP) using Cu Kα (λ = 1.5419 Å) 

radiation. For crystallographic analysis, the sample was removed from the mother liquor and 

put onto a glass slide. A crystal was chosen and then it was put on and taken off from a glass 

slide several times to remove liquid from its surface. The positional and thermal parameters 

were refined by the full-matrix least-squares method using SHELXL-2014/7 program.71 The 

Yadokari-XG software was used for refinement of the structure.72 

  

a b
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3.3.3.1 Crystallographic data of INT-W (−150 °C) 

Formula I3Pb, CH6N, O 
Formula weight 635.96 
Measurement temperature 123(2) K 
Crystal system monoclinic 
Space group P21/m 
Lattice parameters a = 10.4080(4) Å 
 b = 4.6327(2) Å 
 c = 11.2030(5) Å 
 α = 90° 
 β = 101.218(7)° 
 γ = 90° 
Volume 529.86(4) Å3 
Z value 2 
Density (calculated) 3.986 g/cm3 
F(000) 536 
Number of reflections measured 5879 
Number of unique reflections 1105 
Rint 0.1903 
Number of observed reflections (I > 2σ(I)) 681 
Goodness of fit indicator 0.973 
Final R1 indices [I > 2σ(I)] (Robs, wRobs) 0.0713, 0.1148 
R indices [all data] (Rall, wRall) 0.1087, 0.1300 
Largest diff peak and hole 3.686/−2.770 e·Å−3 
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3.3.3.2 Crystallographic data of INT-F (−150 °C) 

Formula I3Pb, C3H7NO, CH6N 
Formula weight 693.05 
Measurement temperature 123(2) K 
Crystal system monoclinic 
Space group P21/c 
Lattice parameters a = 4.54280(10) Å 
 b = 25.3099(6) Å 
 c = 12.0733(3) Å 
 α = 90° 
 β = 96.574(7)° 
 γ = 90° 
Volume 1379.03(6) Å3 
Z value 4 
Density (calculated) 3.338 g/cm3 
F(000) 1200 
Number of reflections measured 15006 
Number of unique reflections 2528 
Rint 0.1962 
Number of observed reflections (I > 2σ(I)) 1815 
Goodness of fit indicator 1.020 
Final R1 indices [I > 2σ(I)] (Robs, wRobs) 0.0736, 0.1627 
R indices [all data] (Rall, wRall) 0.0958, 0.1788 
Largest diff peak and hole 3.305/−4.364 e·Å−3 
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3.3.4 SEM analysis 
 SEM measurement was conducted on an FEI Magellan 400L instrument at a landing 

voltage of 1 kV under a reduced pressure of 5 × 10−5 Pa.  
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Chapter 4.  

 

Phase stabilization of lead perovskite crystals 
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4.1 Introduction 
In previous chapters (Chapter 2 and Chapter 3) I have focused on freestanding fibers of 

lead perovskite materials. From this chapter on (Chapter 4 and Chapter 5) I will focus on thin-

films of lead perovskite and, hence actual solar cell devices. The lead perovskite used in thin-

film study has the formula CH3NH3PbI(3-x)Clx as discussed later and in the following chapters 

PV  (which is not written in the bold style) denotes this formula. Thin-film state is clearly 

different from bulk state. The dimensions are limited, thicknesses only up to several hundred 

nanometers, lateral dimensions almost infinity compared to those thicknesses. Thus their 

chemical or physical properties can differ significantly from bulk materials. 

Solar cells must be stable for practical application. High stability is one of the criteria for 

materials used for this energy harvesting technology. However, instability is the toughest 

problem of lead perovskite materials.91-94 In this thesis I classify the instability of lead 

perovskite crystals into three types; (1) chemical stability, (2) thermal stability, and (3) 

stability based on other effects such as physical, electrochemical, or optical stimuli. Lead 

perovskite crystals are chemically unstable as they easily convert to fibrous polymeric 

intermediates when exposed to vapor of a polar solvent (Chapter 2, Chapter 3). They are also 

thermally unstable at >>100 °C, since they are susceptible to thermal decomposition to PI 

(Chapter 2). There can be other effects such as physical compression with sandwiching layers 

or electrochemical reaction that may take place under operating conditions. Those instability 

issues should be addressed for practical application of lead perovskite crystals to solar cells. 

In this chapter I present stabilization of a crystallographic phase of PV crystals, which 

resulted in higher thermal stability of thin-films, hence longer lifetime of solar cell devices. 

PV crystals were found to be stable when impregnated with a polar polymer 

polyvinylpyrrolidone (PVP). Crystallites of PV obtained by PVP impregnation resulted in 

smaller crystallite size as well as higher thermal stability. They also had different phase 

transition (PT) characteristics compared to those without PVP impregnation. 

The realization of small crystallite-size PV that is also stable against heat enabled 

fabrication of semi-transparent solar cell devices, which is a key architecture for zero-energy 

buildings. These solar cells overcome the problem of having very thin (50–100 nm) active 

layer as well as high average transmittance (AVT).  

In this chapter I will mainly focus on the analysis of the crystallite properties and the solar 

cell studies have been performed by my co-workers Dr. Yunlong Guo and Dr. Wataru Sato. 
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Figure 4.1. Schematic image of the formation process of nanometer-size PVP-PV crystallites 

and device structure. a, PV precursor solution. b, PV in the cubic phase as the result of 

annealing process. c, PV in the tetragonal phase as the result of cooling process. d, PV 
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impregnated with PVP thus in the cubic phase. e, Device structure of the solar cells used in 

this study.  

 

4.1.1 Phase transition of lead perovskite  
Lead perovskite (CH3NH3PbI3) crystals are known to have three phases under 

atmospheric pressure.37 Those are orthorhombic, tetragonal, and cubic. The restrictions of 

orthorhombic lattice parameters are α = β = γ = 90°, a ≠ b ≠ c, tetragonal α = β = γ = 90°, a = 

b ≠ c, and cubic α = β = γ = 90°, a = b = c. Thus, as the temperature becomes high, the 

crystallographic symmetry of lead perovskite crystals becomes higher. In lead perovskite 

crystals, the orthorhombic to tetragonal phase transition (PT) occurs at 162.2 K (−109.9 °C), 

and tetragonal to cubic (T-C) PT occurs at 327.4 K (54.3 °C) according to thermal analysis. 

This T-C PT occurs in a temperature range where solar cells can experience during operation. 

When this occurs in the thin film it accompanies changes in the dimensions of each crystallite 

(expansion/shrinkage to one dimension and shrinkage/expansion to the other two 

dimensions), which could give physical compression or loosening to surrounding crystallites. 

Since morphology of any thin-film solar cells is sensitive to morphological changes, 

unnecessary changes to the morphology of the thin-films during solar cell operation should be 

minimized. 

I studied the correlation of this PT behavior with thin-film PV solar cells. As an important 

tool for this study I used XRD, which can track both PT behavior and various thin-film 

properties. Deviation from standard bulk behavior occurs when the crystallite size of 

materials becomes small. PVP impregnation did cause a decrease of PV crystallite size in the 

form of thin-films. The resulted mass of PV was studied either in the thin-film state or in the 

form of stacked thin-films that were scraped carefully from the substrate by a surgical blade.  

4.1.2 Mixed halide perovskite 
The lead perovskites used in thin-film studies are based on chloride doped one, 

CH3NH3PbI(3-x)Clx. This formula is commonly used for lead perovskite solar cells studies, 

since chloride doping contributes to controlling the morphology95 or increasing the diffusion 

length of charges.96 The value of x in CH3NH3PbI(3-x)Clx is found to be on the order of 1%.97,98 

In this chapter PV denotes this CH3NH3PbI(3-x)Clx formula. Note that this is different from 

pure CH3NH3PbI3 (PV) in Chapter 2 and Chapter 3, which described the bulk state of lead 

perovskite. 

4.1.3 XRD intensity dependency on thermal factor 
In the discussion of crystallite properties of PV, some elaborate knowledge of X-ray 

diffraction theory was used. The following description is to prove the proposition ‘X-ray 
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diffraction peaks at higher angles with respect to lower angle peaks of the same 

crystallographic planes (e.g. (400) vs (100)) reflect thermally less active region of the 

crystallites.’ 

Bragg diffraction occurs in samples where a number of planes that have the same 

structure are stacking with the same inter-planar distance, often denoted as Bragg condition, 

nλ= 2d sinθ. The particular concern here is diffraction intensity dependence with respect to 

thermal factors. Thermal factors here denote vibration of atoms in each crystallographic plane 

of interest. It is often visualized in the form of thermal ellipsoid in crystallographic data. The 

larger the vibration of the atom is, the smaller the diffraction intensity that comes from the 

plane containing the atom becomes. Thus when dealing with crystallites that have significant 

deviation in the degree of atom vibration in their interior and exterior the XRD pattern differs 

from calculated pattern. In such case, the diffraction peaks at higher angles do not reflect 

highly vibrating regions of the crystallite, thus only less vibrating regions contribute to the 

signal (see Section 1.4.2). 

Since each crystallite has dangling regions in its exterior, and rigid regions are in its 

interior, the diffraction peaks in the lower angles reflect almost the whole system while those 

in the higher angles reflect only rigid interior regions of the crystallite. Thus by following the 

intensity difference of the diffractions that come from the same crystallographic plane (e.g. 

(100), (200), (300), and so on) one can obtain the ‘depth profile’ of the crystallites.  

4.2 Results and discussion 

4.2.1 Preparation of PVP-PV thin-films 
PV thin-films doped with PVP (x wt% PVP-PV) was formed either on glass/ITO or 

glass/ITO/PEDOT:PSS surface. A precursor solution was prepared by mixing 25 wt% of 

MAI, PbI2, and PbCl2 (4:1:1 molar ratio) in DMF with x wt% of PVP and heating at 60 °C for 

12 h. The solution was spin-coated on the substrate. The thin-film was annealed at 100 °C for 

25 min, followed by rapid cooling to room temperature.99 

4.2.2 DSC analysis 
The PT behavior of x wt% PVP-PV thin-films was first measured by differential scanning 

calorimetry (DSC). DSC is a standard method for bulk materials to trace their PT 

temperatures, enthalpies, and entropies. For the purpose of investigating the intrinsic 

properties of lead perovskite itself, the films were deposited directory on glass/ITO surface, 

not on a PEDOT:PSS surface. The samples were carefully scraped off from the surface by a 

surgical blade in order not to induce any property change. 

The sample without PVP impregnation (0 wt% PVP-PV) showed an endothermic peak at 

55 °C for the heating process and exothermic peak at 52 °C for the cooling process during the 



 62 

heating/cooling cycles between −50 °C and 100 °C (Figure 4.2a). This behavior is similar to 

that of pure CH3NH3PbI3 without chloride doping. The slightly lower PT temperature (57 ° vs 

55 °C) is due to mixing with chloride which contributed to the decrease of entropy thus to the 

higher stability of higher temperature phase as in the case of freezing-point depression 

phenomenon. By contrast in the same traces of 3 wt% PVP-PV there was no peak in the 

cooling process and a broad peak around 42 °C in the heating process. This implies that at 

lower temperatures the sample is not in equilibrium and changes its phase when the sample is 

kept at lower temperatures.  

 
Figure 4.2. DSC traces of x wt% PVP-PV scraped off from the glass/ITO substrate. a, 0 wt% 

PVP-PV. b, 3 wt% PVP-PV. 

In order to elucidate at which temperature range this behavior occurs, measurements at a 

different temperature range were performed. Surprisingly, in the temperature range between 5 
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°C to 100 °C the broad peak of 3 wt% PVP-PV was not observed (Figure 4.3b). Thus in this 

temperature range 3 wt% PVP-PV does not have any thermally detectable changes. The same 

measurement of 0 wt% PVP-PV had the same behavior as the one between −50 °C and 100 

°C. 

 
Figure 4.3. DSC traces of x wt% PVP-PV (x = 0 or 3) scraped off from the glass/ITO 

substrate in the range of 5 °C and 100 °C. a, 0 wt% PVP-PV. b, 3 wt% PVP-PV. 

4.2.3 Morphology analysis of PVP-PV thin-films 
The surface morphology of x wt% PVP-PV samples was analyzed by atomic-force 

microscopy (AFM) and SEM measurements. The AFM images in Figure 4.4a–c show the 

roughness of each sample. The thin-film of 0 wt% PVP-PV had larger roughness (Rq, root 

mean square) than 3 or 6 wt% PVP-PV (14.6 nm vs 3.1 nm or 2.9 nm). This in in good 

agreement with the SEM images in Figure 4.4d–f taken for corresponding samples. 
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Figure 4.4. Morphology analysis of x wt% PVP-PV thin-films on glass/ITO/PEDOT:PSS 

surface. a, AFM image of 0 wt% PVP-PV. b, 3 wt% PVP-PV. c, 6 wt% PVP-PV. d, SEM 

image of 0 wt% PVP-PV. e, 3 wt% PVP-PV. f, 6 wt% PVP-PV. 

4.2.4 Thin-film XRD analysis of PVP-PV 
Thin-film XRD analysis of samples prepared on glass/ITO/PEDOT:PSS indicated 

distinctive properties of PVP-PV samples. First low-angle diffractions will be discussed and 

then high angle diffractions using stacks of thin-films will be discussed. Since PV has two 

crystallographic phases in the operating conditions of solar cells, here I start from naming 

each diffraction peak. The left most peak in Figure 4.5a is denoted P1, which is the average of 

(110) and (002) of the tetragonal phase and/or (100) of the cubic lattice. In the same manner 

P2 is the average of (220) and (004) of the tetragonal phase and/or (200) of the cubic lattice, 

P3 the average of (330) and (006) of the tetragonal phase and/or (300) of the cubic lattice, P4 

the average of (440) and (008) of the tetragonal phase and/or (400) of the cubic lattice.  

 
Figure 4.5. XRD patterns of thin-film samples. a, wide-range diffraction pattern of x wt% 

PVP-PV. b, P1 peak of the samples. c, Crystallite size and Rq in Figure 4.4. 
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The addition of PVP caused the resulting thin-films to have lower peak intensity in the 

XRD pattern, as in Figure 4.5b. This behavior accompanied increase in half-width-at-half-

maximum (HWHM) values of diffraction peaks. From this information crystallite sizes were 

calculated using Scherrer equation. Scherrer equation gives minimum crystallite size of the 

sample. For this calculation spherical shape of the crystallites was used in accordance with 

the BFDH morphology analysis in Figure 2.6. The calculation revealed the crystallite size of 

35–40 nm for 0 wt% PVP-PV, 15 –17 nm for 3 wt% PVP-PV, and 12–15 nm for 6 wt% PVP-

PV. The crystallite size obtained for 3 or 6 wt% PVP-PV sample corresponds to dimensions 

of approximately 25 × 25 × 25 units of cubic lead perovskite unit cells. The crystallite size 

analysis has the same trend as AFM analysis (Figure 4.5). 

The comparison of d-spacing obtained from P1–P4 gave detailed view of the structure of 

crystallites. The d-spacing values obtained from P1–P4 of 0 wt% PVP-PV had ranged in 

6.270–6.280. By contrast those obtained for 1–10 wt% PVP-PV had larger deviations. The 

difference was most prominent for d-spacing values obtained from P1. The d-spacing of the 

P1 peak of 1 wt% PVP-PV was 6.293 Å, that of 3 wt% PVP-PV was 6.308 Å longest among 

samples of 0–10 wt% PVP-PV. The d-spacing from P4 had only a small deviation from 0 

wt% PVP-PV, less than 6.28 Å in any case. Those of P2 or P3 ranged in between P1 and P4. 

Given that d-spacing obtained from higher diffraction angles reflects thermally less vibrating 

regions of the crystallite, one can conclude that the crystallite of 3 wt% PVP-PV has the 

largest crystallite deformation among those samples. This behavior was also the same in the 

measurements at 60 °C, where the crystallites are in the cubic phase in any case.  

 
Figure 4.6. d-Spacing of x wt% PVP-PV thin-films calculated from thin-film XRD 

measurement. a, At 26 °C. b, At 60 °C. 

The fact that 3 wt% PVP-PV has the largest crystallite deformation indicates that in this 

sample each crystallite hardly retains the bulk behavior of PV, the properties can significantly 

deviate from the standard behavior. Since the tetragonal phase of lead perovskite is partly 

maintained by the frozen motion of methylammonium cations in the crystal,37,100,101 with such 

a b
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deformation such ‘frozenness’ cannot necessarily be maintained thus can cause stabilization 

of the higher temperature cubic phase. 

In order to view this behavior more clearly, XRD measurements of stacks of samples 

were performed with respect to the high angle diffraction peak P4 (Figure 4.7). The 

measurement data of 0 wt% PVP-PV showed standard behavior of lead perovskite as in DSC 

analysis. The diffraction data in the range of 57 ° to 60 ° had two peaks that come from the 

tetragonal phase at 26 °C as well as −50 °C, while only one peak at 60 °C. On the contrary in 

the measurement data of 3 wt% PVP-PV was only one peak at 26 °C as well as 60 °C, only 

just-discernable two peaks of the tetragonal lattice at −50 °C. Interestingly, kneaded sample 

of 3 wt% PVP-PV exhibited standard tetragonal characteristics at 26 °C, more clearly at 50 

°C. This indicates due to coalescence of the crystallite by mechanical forces they merged 

together to make larger crystallites thus exhibited closer properties as 0 wt% PVP-PV, which 

has a larger crystallite size.  

 
Figure 4.7.  High angle XRD patterns using stacks of thin-film samples. a, 0 wt% PVP-PV. 

b, 3 wt% PVP-PV. c, Kneaded 3 wt% PVP-PV. 

According to XRD analysis, impregnation with PVP resulted in smaller crystallite size of 

lead perovskite. XRD measurements indicated larger deformation for 3 wt% PVP-PV in 

comparison with 0 wt% PVP-PV or 6–10 wt% PVP-PV samples. Such larger deformation 

resulted in the stabilization of the higher temperature phase of PV.  

 

4.2.5 IR analysis 
Infrared spectroscopy (IR) analysis was performed to elucidate the interactions of PVP 

with PV. The measurement was performed for the samples prepared directory on glass/ITO 
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surface in order to prevent interaction with PEDOT:PSS. The evolution of C=O stretching 

signal appeared at 1640 cm−1 as the amount of PVP additive increases. This signal position is 

loosened compared to pure PVP sample, which gave a C=O stretching peak at 1660 cm−1. 

This indicates that the C=O groups of PVP interacted with basic MA+ cations on the surface 

of PV crystallites. Surprisingly, there is a good correspondence between the number of MA+ 

cations on the surface of crystallites and the number of C=O groups of PVP in the system. 

The number of MA+ cations is equal to the number of PV unit cells on the surface of 

crystallites. The crystallite size is calculated from Scherrer equation to be 15 nm. From this 

number one can calculate that approximately 13% of PV unit cells are on the surface of 

crystallites. This number is in the same order to the mole percent of the C=O groups of PVP 

against PV, which is calculated to be 14 mol%. Thus each C=O group can interact with the 

surface MA+ ions in 3 wt% PVP-PV sample. There was only one peak assigned to symmetric 

vibration of NH3 in the samples of 0–10 wt% PVP-PV, indicating that in all samples the MA+ 

cations are rapidly moving in the time scale of IR measurement (ps scale). This signal is 

loosened for samples with PVP-additive (1460 cm−1) compared to 0 wt% PVP-PV (1464 

cm−1).  



 68 

 
Figure 4.8. IR spectra of x wt% PVP-PVs with various PVP doping ratio. a, 3500–700 cm−1. 

b, 3500–2700 cm−1. c, 1900–1500 cm−1. d, 1500–1400 cm−1. e, 1400–1000 cm−1. f, 1000–850 

cm−1. 
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4.2.6 Thin-film stability 
Thermal stability was tested by XRD measurements at 60 °C. It revealed higher thermal 

stability of samples with PVP additive. The samples were prepared on glass/ITO/PEDOT:PSS 

substrate. 0 wt% PVP-PV sample gave PI signal at 12.6° after heating at 60 °C for 6 h in 

ambient conditions (28% humidity) (Figure 4.). This accompanied decrease of UV-Vis 

absorption coefficients. However, the samples with PVP additive (3 wt% or 6 wt%) showed 

only negligible peak of PI in the same conditions, which is also supported by UV-Vis spectra.   
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Figure 4.9. VT XRD patterns of P1 and UV-Vis spectra of x wt% PVP-PV samples measured 

in ambient conditions. a, VT XRD patterns of 0 wt% PVP-PV. b, UV-Vis spectra of 0 wt% 

PVP-PV. c, VT XRD patterns of 3 wt% PVP-PV. d, UV-Vis spectra of 3 wt% PVP-PV. e, 

VT XRD patterns of 6 wt% PVP-PV. f, UV-Vis spectra of 6 wt% PVP-PV.  
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Solar cells were finally fabricated by spin-coating an electron transport layer that consists 

of PCBM, electrode modification layer using polyethyleneimine ethoxylated (PEIE), and gold 

or silver electrode.  Between x wt% PVP-PV and PCBM was a thin CYTOP layer for stability 

enhancement.102 The final device structure is glass/ITO/PEDOT:PSS/x wt% PVP-PV/ 

CYTOP/PCBM/PEIE/Ag or Au. Figure 4.10 shows cross section SEM images of such 

devices. The CYTOP layer has a thickness of only 1.3 nm so that it is not seen in the cross 

section images. The thickness of x wt% PVP-PV increased as more PVP was added. Thus, 0 

wt% PVP-PVP had thicknesses of 65–84 nm, the thinnest among three samples, 3 wt% PVP-

PV 82–86 nm, 6 wt% PVP-PV 92–97 nm.  

 
Figure 4.10. Cross section SEM images of glass/ITO/PEDOT:PSS/x wt% PVP-

PV/PCBM/PEIE/Ag. a, 0 wt% PVP-PV. b, 3 wt% PVP-PV. c, 6 wt% PVP-PV. 

Figure 4.11 summarizes solar cell performances as well as transparency. Under AM-1.5 light 

of 100 mW cm−2 the devices based on 3 wt% PVP-PV showed an average PCE of 7.10 ± 
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0.24%, which is significantly higher than the control device using 0 wt% PVP-PV (5.92 ± 

0.32%). This enhancement accompanied increases in AVT, shunt resistance (Rsh), and FF. 

The increase of AVT is ascribed to the smoother surface morphology as in the AFM image 

(Figure 4.4b) that can reduce scattering of light on the surface. This smooth morphology also 

contributed to higher shunt resistance, and hence FF. Increasing the amount of PVP additive 

resulted in higher series resistance thus lowering FF and PCE (3.73 ± 0.25%), while AVT was 

maintained. This suggests excess amounts PVP act as insulator that significantly deteriorates 

solar cell performance. 

 
Figure 4.11. Solar cell performances of x wt% PVP-PV. a, J–V curves. b, Transmittance 

spectra. c, AVT values. d, Shunt and series resistance. 

Finally solar cell stability was tested in ambient conditions (Figure 4.12). The device 

employing 0 wt% PVP-PV did not tolerate to operate over 200 h storage. The device with 3 

wt% PVP-PV tolerated more than double, up to 400 h. This stability increased further by 

adding a thin CYTOP layer between 3 wt% PVP-PV and PCBM, thus yielding a life time of 

840 h.  

a b

c d
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Figure 4.12. Stability test of solar cells using x wt% PVP-PV. a, Relative Jsc, b, Voc. c, FF. d, 

PCE. 

4.3 Conclusions 
PVP doping of PV thin-films resulted in a decrease of crystallite size. This effect at the 

same time brought significant distortion of the crystallites, specifically expansion of the cell 

lattice, thus enabling the crystallites to maintain the cubic phase even at room temperature. 

This prevented the crystallites from suffering unnecessary PT behavior during operational 

conditions that can cause strain around each crystallite due to expansion/shrinkage of the cell 

lattice, resulted in higher thermal stability of the PV in its thin-film state as well as longer 

device lifetime. Expansion of cell lattice was also observed in PV thin-films formed on 

mesoporous TiOx electron transport layer that enhanced the device performance.103-105 Present 

study gives several new pieces of information on chemical understanding of PV crystal 

properties that are beneficial for those studying lead perovskite solar cell devices.  
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4.4.1 DSC analysis 
 DSC analysis was performed on a NETZSCH DSC 204 F1 Phoenix analyzer. Samples 

(~2 mg) were placed in an aluminum pan. Measurements were performed with a heating rate 

of 10 K/min under nitrogen atmosphere. 

4.4.2 SEM analysis 
 SEM measurement was conducted on an FEI Magellan 400L instrument at a landing 

voltage of 1 kV under a reduced pressure of 5 × 10−5 Pa.  

4.4.3 AFM analysis 
AFM observations of x wt% PVP-PV thin-films were performed on a Bruker Multimode 

8 instrument in air. 

4.4.4 Thin-film XRD analysis 
 Thin-film XRD experiments were performed on a Rigaku SmartLab X-ray diffractometer 

equipped with a scintillation counter. The measurement employed Cu Kα (λ = 1.5419 Å) 

radiation at 9 kW (45 kV, 200 mA) power. The intensity was collected as a 0.02° step 2θ/ω 

scan of 3.0–40.0° with a scanning speed of 3° min−1. For thin-film stability evaluation, a TCU 

150 temperature control unit (Anton Paar) was used in air. The XRD measurements of a 

peeled sample were performed on a RIGAKU R-AXIS RAPID II diffractometer equipped 

with an imaging plate detector, using Cu Kα (graphite monochromated, λ = 1.5419 Å) 

radiation. 

4.4.5 UV-Vis absorption spectra measurement 
The UV-Vis spectra of the PV thin-films on glass/ITO were recorded on a JASCO V-670 

spectrophotometer. 

4.4.6 ATR IR measurements 
 The ATR–IR spectra were recorded on a JASCO FT-IR-6100 spectrometer. 

Measurements were performed under a nitrogen atmosphere at room temperature. 

4.4.7 Device fabrication 
In a nitrogen-filled glove box, dry MAI, PbI2 (Aldrich, 99.999%, purified by vacuum 

oven twice), and PbCl2 (Aldrich, 99.999%) were dissolved in N,N-dimethylformamide 

(Tokyo Chemical Industry Co., 99.5%) with a mole ratio of 4:1:1 and stirred for 12 h at 60 °C 

with 0–6 wt % of PVP (40K, Aldrich) to obtain a precursor solution. The concentration of PV 

precursor solution was kept constant at 25 wt % (except for PVP mass). 

The devices were fabricated according to the following typical procedure. An ITO layer 

on the glass substrate was 145 nm thick with a sheet resistance of 8 Ω/square. The surface 
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roughness, Rq, was 0.7 nm and the Rmax was 8.1 nm. Prior to the formation of the buffer layer, 

the patterned ITO glass was ultrasonically cleaned using a surfactant, rinsed with water, and 

then given UV–ozone treatment. A PEDOT:PSS solution (AI4083) was spin-coated on the 

ITO surface at 500 rpm for 3 s and then 3000 rpm for 30 s in air, and was annealed at 130 °C 

for 25 min under air and 20 min under nitrogen. A solution of 0–6 wt% PVP-PV precursor 

was spin-coated on the PEDOT:PSS surface at 6000 rpm for 30 s under nitrogen atmosphere. 

The thickness of PV layers can be controlled by spinning speed (6000 rpm, 5000 rpm, 4000 

rpm, 3000 rpm, 2000 rpm and 1000 rpm). The film was annealed at 100 °C for 25 min. An 

electron-transporting layer (PCBM, 20 mg/mL in chlorobenzene) was deposited by spin-

coating (2000 rpm for 30 s). PEIE (0.02 wt %, in methanol), an interface-modifying layer, 

was spin-coated at 6000 rpm for 30 s. The top electrode (Ag, 150 nm) was deposited via a 

metal shadow mask, which created a 2 mm stripe pattern perpendicular to the ITO stripe. 

4.4.8 Evaluation of PV devices 
 Current–voltage sweeps were taken on a Keithley 2400 source measurement unit 

controlled by a computer. The light source used to determine the PCE was an AM1.5G solar 

simulator system (Sumitomo Heavy Industries Advanced Machinery) with intensity of 100 

mW/cm2. The SCs were masked with a metal aperture to define the active area of 4 mm2. 
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Chapter 5.  

 

Formation mechanism of lead perovskite crystallites on 

thin-films 
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5.1 Introduction 
In this chapter I describe the process in which PV crystallites form on flat substrates by 

solution process. One of the main focuses of lead perovskites (PVs) is application to thin-film 

solar cell devices. I have already described in Chapter 2 and Chapter 3 the process in which 

nm- to µm-size fibrous lead perovskite crystals form. However the sizes of crystals used in 

thin-film solar cells are widths of nm–mm and thicknesses of several hundred nm because the 

crystals should be confined in thin-films.106,107 As such there should be a huge discrepancy 

between the PV formation process in the form of a freestanding fibrous solid and the one in 

the form of multiple nm–mm crystallites. For the understanding of the conversion process 

occurring on thin-films one needs to analyze the process on actual thin-film substrates.  

One of the key observations in the bulk state study was the acid–base reaction occurring 

in the chemical pathways leading to PV crystal formation. It has been seen that ligands that 

have higher donor numbers tend to cause the conversion of the intermediate to lead perovskite 

at higher temperatures. Thus among the three solvents studied (DMSO, DMF, H2O), 

temperature at which the conversion completes is the highest in DMSO system (donor 

number 29.8), followed by DMF (donor number 26.6), and the lowest in water system (donor 

number 18.0) (see Table 3.1).69 

This observation poses the possibility that an appropriate acid can catalyze the conversion 

pathway thus controlling the PV formation kinetics. As I have explained in Chapter 2 and 

Chapter 3, the conversion from intermediate species to lead perovskite results in inclination of 

two of the crystallographic axes of lead perovskite by 45° against initial intermediate fiber 

axis. This, if occurs in the thin-film deposition process, this can cause the same inclination 

against the normal axis of the substrate surface. There are some reports that observed this 

inclination. Seok et al. have reported that a preferred orientation of (111) was observed during 

their two-step PV preparation method.108 In a simple one-step deposition this can cause 

randomness of the crystallographic orientation of the resulting PV crystallites, thus a method 

to avoid the formation of intermediate crystallites on the surface during the deposition process 

would serve an improvement of the overall performance as well as higher reproducibility of 

lead perovskite solar cells. 

For the purpose of accelerating PV formation process and avoiding randomness of the 

crystallites deposited on flat substrates, in this chapter, a method to accelerate the formation 

pathway by addition of an organic acid in the precursor solution of PV will be discussed. This 

method indeed gave an improved crystallographic orientation and better solar cell 

performance. In this study, a collective set of evidence for the higher orientation of this rapid-

crystallization protocol and resulting better performance of solar cells will be provided.  
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The discussion focuses on the morphology of PV thin-films that were obtained by just 

after spin-coating PV precursor solution and thin-films that were further annealed to complete 

the formation of PV crystallites. 

In this chapter I will mainly focus on the analysis of the crystallization pathways and the 

solar cell studies have been performed by my co-workers Dr. Yunlong Guo and Dr. Wataru 

Sato. 

5.2 Results and discussion 

5.2.1 Sample preparation 
Preparation of the precursor solution is described first. A 25 wt% solution of PbI2, PbCl2, 

and MAI (with a molar ratio of 1:1:4) in DMF was prepared. Then an organic acid was added. 

The amount of the acid was calculated as weight percent against the amount of PbI2, PbCl2, 

MAI (half of the amount was considered as excess, thus not counted). Organic acids used 

here are citric acid (CA), tartaric acid (TA), glycine hydrochloride (GLY). The solution was 

then stirred at 60 °C for 6 h and cooled to room temperature. 

The precursor solution was spin-coated on ITO/PEDOT:PSS substrates at 4000 rpm. 

Some of following measurements were conducted on samples at this state. The substrate was 

annealed at 100 °C for 25 min. The thickness of PV layer was measured to be 140 nm by a 

surface profile analyzer. For fabrication of solar cells the substrate was further spin-coated 

PCBM, PEIE, and deposited a silver electrode. And finally coated with CYTOP for device 

evaluation. 

5.2.2 1-D XRD analysis of thin-films 
The quicker conversion of citric acid-doped thin-films than non-doped ones was 

distinguished by 1-D XRD measurements. Figure 5.1a, b shows XRD patterns of 0 wt% citric 

acid-doped PV (0 wt% CA-PV) before and after annealing. In the XRD pattern before 

annealing PV diffraction peaks appeared already at 2θ = 14.0° and 28.2°. Indicating that the 

intermediate to PV conversion already started. At the same time the diffraction peaks of 

methylammonium lead trichloride (2θ = 15.6°, 31.6°) were observed. This chloride perovskite 

serves as nuclei to initiate the crystallization of PV.98 These peaks disappeared after 

annealing. From this observation one can deduce that the annealing process facilitates inter-

conversion of PV and intermediates via trace solvent molecules remaining on the substrate to 

form well-mixed distribution of chloride ions and iodide ions. The final chloride 

incorporation ratio is around 3% as discussed in Chapter 4. Figure 5.1c, d shows XRD 

patterns of 15 wt% CA-PV before and after annealing. There is no trace of chloride 

perovskite even before annealing in this case. Thus in this case already at the end of spin-

coating process the above reaction brings mixing of chloride ions and iodide ions. After the 



 79 

annealing process the trace intermediacy peaks (2θ = 11.0°, 12.0°) disappeared, which 

indicates the annealing process is also required for 15 wt% CA-PV.  

 
Figure 5.1.  1-D thin-film XRD patterns of 0 wt% CA-PV and 15 wt% CA-PV. a, 0 wt% CA-

PV before annealing. b, 0 wt% CA-PV after annealing. c, 15 wt% CA-PV before annealing. 

d, 15 wt% CA-PV after annealing. 

5.2.3 2-D XRD analysis of thin-films 
The quantitative analysis of the enhancement of crystallographic orientation was 

performed by 2-D XRD analysis of the thin-film. In order to conduct this analysis, reciprocal 

space maps (RSMs, see Section 1.4.3) of different samples were measured. In the RSM of 15 

wt% CA-PV (Figure 5.2c) there was clear orientation preference compared to non-doped one 

(Figure 5.2a). For this discussion each of the peaks is named in accordance with the 

corresponding cubic lattice indices of the actual tetragonal indices as summarized in Table 

a

b

c

d
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5.1. Thus the diffraction of (110) and (002) of tetragonal perovskite was named as C100 since 

they correspond to (100) of the higher temperature cubic phase of PV. Peaks named as Chkl 

follow this rule. One of the peaks listed in Table 5.1 is named P113, because this peak does 

not appear in the cubic phase due to extinction law, thus is treated as a pseudo-cubic peak that 

comes from (0.5 0.5 1.5) plane of the cubic lattice. 

Figure 5.2a–f shows RSMs of 0 wt% CA-PV (after annealing and before annealing), 15 

wt% CA-PV (after annealing and before annealing), 6 wt% TA-PV (after annealing), and 6% 

GLY-PV (after annealing). The diffraction spots are assigned as illustrated in Figure 5.2a–f. 

RMS data, when integrated along the wave vector q, have similar 1-D profile (Figure 5.3). 

The q value and 2θ value are connected by the following equation.109 

𝑞 =
4𝜋
𝜆

sin 𝜃 
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Figure 5.2. RSMs of various acid-doped samples and control blank samples. a, 0 wt% CA-

PV after annealing. b, 0 wt% CA-PV before annealing. c, 15 wt% CA-PV after annealing. d, 

15 wt% CA-PV before annealing. e, 6 wt% TA-PV after annealing. f, 6 wt% GLY-PV after 

annealing. 
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Table 5.1. Diffraction peaks and their angles of the data shown in Figure 5.2. 

ID a (hkl) (cubic)b (hkl) (tetragonal) c 2θ (°)d q (Å−1) e 

C100 (100) (110), (002) 14.0 0.99 

C110 (110) (112), (200) 19.8 1.40 

P113 (0.5 0.5 1.5) (103), (211) 23.4 1.65 

C111 (111) (202), (022) 24.4 1.72 

C200 (200) (220), (004) 28.3 1.99 

C210 (210) (114), (222), (310) 31.7 2.23 

C211 (211) (204), (312) 40.5 2.82 

C300 (300) (330), (006) 43.1 2.99 

C400 (400) (440), (008) 58.7 3.99 

C410 (410) (442), (530), (118) 60.6 4.11 
a IDs assigned to diffractions peaks. These IDs are named after corresponding (hkl) indices of 

the cubic lattice. 
b The crystallographic planes of the cubic lattice that correspond to the peaks. 
c The crystallographic planes of the tetragonal lattice that  correspond  to the peaks. 
d 2θ angles of the peaks. 
e q values of the peaks. 
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Figure 5.3. 1-D XRD patterns obtained from RSM images of acid-doped samples. The 

samples are from the top 0 wt% CA-PV after annealing (solid purple), 0 wt% CA-PV before 

annealing (dashed purple), 15 wt% CA-PV after annealing (solid orange), 15 wt% CA-PV  

before annealing (dashed orange), 6 wt% TA-PV  after annealing (solid blue), and 6 wt% 

GLY-PV  after annealing (solid green). 

Notable differences appear when integrated along ϕ (Figure 5.4). The diffraction of C200 

appears at ϕ = 90° for all samples after annealing (Figure 5.4a), indicating the crystallites 

prefer to orient with their (110) or (002) surface parallel to the substrate. While this tendency 

is the same for all samples, there is a significant difference in the full-width-at-half-maximum 

(FWHM) values of these signals (Table 5.2). The ϕ–I plot of the C200 diffraction of 15 wt% 

CA-PV after annealing (Figure 5.4c) has narrower FWHM than that of 0 wt% CA-PV after 

annealing (Figure 5.4a). This tendency is the same for other diffraction peaks, such as C210, 
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ITO

P113
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ITO
ITO

ITO
C410

C400C200 C300
C211C210



 84 

C400, and C410 (Figure 5.4b–c). When peaks in ϕ–I plots have narrower FWHM, it indicates 

that the orientation fluctuation of the crystallites is smaller. Thus one can conclude that the 

crystallites on 15 wt% CA-PV are better oriented along the substrate surface than those of 0 

wt% CA-PV after annealing process. Samples before annealing either 15 wt% CA-PV or 0 

wt% CA-PV (Figure 5.2b, d) have lower intensity and wider FWHM (not calculated due to 

lower intensity). The orientation is poorer for samples without annealing for both cases. This 

indicated the crystallites reorganize during the annealing process due to Ostwald ripening 

process discussed in Chapter 2. This fact is clearly supported by the following SEM analysis. 

 

 
Figure 5.4. ϕ-Plot of RSMs of various samples. a, C200. b, C210. c, C400. d, C410. 

C200 C210

C400 C410

a b

c d
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Table 5.2. FWHM values of the peaks of ϕ–I plots in Figure 5.4. Only samples after 

annealing were considered. The FWHM value of C410 of additive-free PV was not 

determined due to low S/N ratio. 

FWHM (°) C200 C210 C400 C410 

PV 10 9.7 17 nd 

CA-PV 6.5 7.2 7.1 9.0 

TA-PV 7.6 8.3 8.3 11 

GLY-PV 3.8 4.3 3.8 5.3 

5.2.4 SEM analysis 
The comparison of the SEM images of x wt% CA-PV where x is 0, 6, or 15 clearly 

demonstrates the better orientation alignment of crystallites formed by the use of 15 wt% CA-

PV (Figure 5.5). The SEM image of 0 wt% CA-PV before annealing has uniform surface 

morphology without clear grain boundaries (Figure 5.5a). That of the sample after annealing 

showed featureless morphology as well (Figure 5.5d). There were clear differences in the 

same set of images in 6 wt% CA-PV. The SEM image of 6 wt% CA-PV before annealing 

showed distinguishable grain boundaries (Figure 5.5b), which became clearer in the sample 

after annealing (Figure 5.5e). The thin-film of 15 wt% CA-PV before annealing has obvious 

grain boundaries even the sample before annealing (Figure 5.5c). The one after annealing as 

well has grains with sharper edges than the sample before annealing (Figure 5.5f). Because 

the shape of these grains is consistent with the BFDH morphology of PV (which is cubic), 

one can assume that these grains are composed of a single PV crystallite. This observation 

indicates that when forming a thin-film of 15 wt% CA-PV the crystal nuclei quickly grow 

larger during/after spin-coating so that the number of nuclei form on the surface is suppressed 

to minimum, and each nucleus can grow larger as possible.  
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Figure 5.5. SEM images of lead perovskite thin-films with or without an organic acid 

additive. a, 0 wt% CA-PV before annealing. b, 6 wt% CA-PV before annealing. c, 15 wt% 

CA-PV before annealing. d, 0 wt% CA-PV after annealing. e, 6 wt% CA-PV after annealing. 

f, 15 wt% CA-PV after annealing. 

Energy-dispersive X-ray spectroscopy (EDX) mapping analysis of 15 wt% CA-PV 

indicated that there was no PV formed between each crystallite that were seen in SEM image 

(Figure 5.6). Secondary electron (SE) image in Figure 5.7 clearly distinguishes grain 

boundaries. Signals of Pb and I in the EDX measurement are observed only from regions 

where crystallites occupy in the SE image. The In signals, that come form the substrate ITO, 

were observed in the region where SE signals were not observed. Thus one can conclude that 

there are no materials occupying the areas surrounded by PV grains.  
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Figure 5.6. EDX mapping images of 15 wt% CA-PV thin-film measured at 10 keV. a, 

Secondary electron. b, Lead. c. Iodine. d, Indium. 

5.2.5 AFM analysis 
AFM analysis revealed the whereabouts of as-much-as 15 wt% citric acid molecules. 

Figure 5.7 shows an AFM image of 15 wt% CA-PV thin-film. The  Rq is 8.7 nm significantly 

lower than the thin-film without additive (see Section 4.2.3). There were several chunks of a 

size of 100 to 200 nm that are not seen in SEM images. Because SEM image is not sensitive 

to light elements than heavy elements nor to height changes, and AFM is significantly 

sensitive in the height analysis, one can conclude that these chunks are made of citric acid 

molecules; citric acid only possesses light elements than PV. Thus the citric acid molecules, 

after serving as a catalysis to accelerate the formation of perovskite crystallites, excluded out 

to the surface of PV crystallites. 
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Figure 5.7. AFM analysis of 15 wt% CA-PV thin-film. The center area was expanded in the 

right side to show gum-like deposits of material that is assigned to be CA. 

5.2.6 IR analysis 
IR analysis is as a well-established method to characterize and analyze the state of 

organic molecules. This analysis further supported the presence of citric acid on the thin-

films. For this purpose the 15 wt% CA-PV was scraped off from the substrate by a surgical 

blade and mounted on an attenuated total reflectance (ATR) FT-IR spectroscope. Figure 5.8 

shows IR spectra of various additive amounts of PV thin-films (additive ratio varies from 0 to 

20 wt%). The most distinguishable peak is C=O bond stretch which appeared at 1715 cm−1 

(Figure 5.8c). This peak gradually increases as the amount of citric acid increases. Also CH2 

wagging signal of citric acid appeared at 1200 cm−1 (Figure 5.8e). CH3 scissoring and NH3 

scissoring signals moved to lower energy region by approximately 5–10 cm−1 indicating the 

loosening of methylammonium ions in the PV crystallites by interactions with sorrowing 

materials (Figure 5.8d). The same was observed, with lower degree of change (approximately 

5 cm−1), for C–N stretch and MA rocking (Figure 5.8f). In comparison to Figure 4.8, the 

methylene wagging or twisting signal of citric acid has lower energy region by ca. 80 cm−1, 

due to looser free methylene groups of citric acid compared to those of rigid five-membered 

rings in PVP. 
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Figure 5.8. IR spectra of citric acid-doped lead perovskite. a, the whole region. b, CH3 

region. c, C=O region. d, scissor vibration region. e, MA+ rocking and citric acid CH2 

vibration. 
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5.2.7 Solar cells 
Solar cells employing better aligned crystallites obtained by addition of organic acids 

have better performance than those without additives. Figure 5.9 and Table 5.3 show the J-V 

curves and device parameters of solar cells using 0 wt% CA-PV and 15 wt% CA-PV. Both 

short-circuit current density (Jsc) and open-circuit voltage (Voc) improved significantly, and 

also there was a slight increase of fill factor (FF). The higher Jsc indicates a higher charge 

generation rate as well as higher charge separation efficiency of the device using 15 wt% CA-

PV than 0 wt% CA-PV. The fewer number of grain boundaries in the thin-film consists of 15 

wt% CA-PV can lead to higher charge generation rates because charges cannot be generated 

around the grain boundaries. The smoother surface of the thin-film can contribute to higher 

charge separation efficiencies by facilitating charges going through the interface of 15 wt% 

CA-PV and neighboring layers. Fewer numbers of grain boundaries lead to fewer 

recombination rates,93,110 which is beneficial for higher Voc and FF. Because grains in the 15 

wt% CA-PV thin-film are composed of single PV crystallites as discussed in the SEM/AFM 

observations, there are fewer recombination sites compared to 0 wt% CA-PV thin-films. 

Overall the power conversion efficiency (PCE) increased from 8.7% to 15.9%, significantly 

large value given that the film thickness of PV layer is only 140 nm, close to the world 

records that were measured for a thicker lead perovskite layer (> 500 nm).  
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Figure 5.9. J–V curves of solar cell devices using 0 wt% CA-PV and 15 wt% CA-PV. 

Table 5.3. Summary of the device performance parameters of Figure 5.9. 

Lead perovskite Jsc (mA/cm2) Voc (V) FF PCE (%) 

0 wt% CA-PV 15.35 0.75 0.76 8.7 

15 wt% CA-PV 19.14 1.02 0.81 15.9 

 

5.3 Conclusions 
Doping PV precursor solutions with organic acids was proved to accelerate the formation 

of PV crystallites on flat substrates. The crystallites obtained in this method have better 

orientation alignment and thus better performance of solar cells. Citric acid-doped samples 

were extensively studied for the effect of organic acids. Further analysis of acid catalysis will 

provide better-scooped picture of the process in which PV crystallites form on flat substrates. 
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5.4 Experimental 

5.4.1 General 
Unless otherwise noted all manipulations regarding device fabrication were conducted in 

a nitrogen-filled glove box. Reagents were purchased from commercial sources such as TCI, 

Wako, or Aldrich. 

5.4.2 Thin-film XRD analysis 
 Thin-film XRD experiments were performed on a Rigaku SmartLab X-ray diffractometer 

equipped with a scintillation counter. The measurement employed Cu Kα (λ = 1.5419 Å) 

radiation at 9 kW (45 kV, 200 mA) power. In RSM measurement, X-ray beam was collimated 

with CBO-f point line optics (ϕ < 1 mm) and detected by a HyPix-3000 two-dimensional 

semiconductor detector. 

5.4.3 SEM analysis 
 SEM measurement was conducted on an FEI Magellan 400L equipped with 

AMETEK/EDAX Genesis APEX4 at a landing voltage of 1 kV under a reduced pressure of 5 

× 10−5 Pa. EDX measurement was performed at 10 keV. 

5.4.4 AFM analysis 
AFM experiment was performed under ambient conditions using a Bruker MultiMode 8 

instrument with a silicon nitride probe (SCANASIST-AIR-HR, spring constant 0.4 N m−1, 

resonant frequency 130 kHz) in the tapping mode. 

5.4.5 Synthesis of methylammonium iodide 
A 33 wt% solution of methylammonium in ethanol (25 mL, 200 mmol) and a 57 wt% 

hydroiodic acid (26.4 mL, 200 mmol) were mixed at 0 °C in a flask. The mixture was stirred 

for 2 h then the solvent was removed under reduced pressure. The resulting crystalline 

powder was then recrystallized with ethanol, and dried under vacuum for 12 h at 60 °C to 

yield a white crystalline solid of  methylammonium iodide (24.0 g, 75 % yield).  

5.4.6 Device fabrication 
PV precursor solutions were prepared in the following manner. For thinner thin-films (ca. 

100 nm), first a 25 wt% solution of a mixture of PbI2, PbCl2, and MAI with a mole ratio of 

1:1:4 in DMF was prepared. Acid additives were added at the same time. The amount of acid 

additives was calculated as weight percent unit with respect to the amount of PbI2, PbCl2. The 

solution was stirred at 60 °C for an appropriate time for each acid additive. Sulfamic acid-

doped samples required only 0.5 h stirring. Other acids (citric acid, tartaric acid, glycine 

hydrogen chloride) required 6 h stirring.  
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Glass substrates covered with a 145 nm thick indium tin oxide (ITO) layer (resistance: 8 

Ω/square; surface roughness Rq = 0.7 nm, Rmax = 8.1 nm) were cleaned ultrasonically using a 

surfactant, rinsed with water. They were dried and treated with UV/ozone. A PEDOT:PSS 

(AI4083) layer was coated on the substrate at 500 rpm for 3 sec then 3000 rpm for 30 sec in 

air. The substrate was then annealed in air at 130 °C for 25 min, subsequently in a nitrogen-

filled glove box at 110 °C for 20 min. For PV film deposition using 25 wt% precursor 

solutions, it was spin-coated at 500 rpm for 3 sec, then 4000 rpm for 30 sec, then the lid was 

removed at the same time the spinning was kept at 0 rpm for 10 sec, finally at 6000 rpm for 

20 sec. The substrate was kept in the glove box for 10 min before a 25 min annealing at 100 

°C was performed. For that using 40 wt% precursor solutions, it was spin-coated at 500 for 3 

sec, 3000 rpm for 100 sec. In this case the lid was removed at 30 sec time lapse. Annealing 

was performed in the same manner as in the case of 25 wt% precursor solution. An electron-

transporting layer (PCBM, 20 mg/mL in chlorobenzene) was deposited by spin-coating (2000 

rpm for 30 s). PEIE (0.02 wt %, in methanol), an interface-modifying layer, was spin-coated 

at 6000 rpm for 30 s. The top electrode (Ag, 150 nm) was deposited via a metal shadow 

mask, which created a 2 mm stripe pattern perpendicular to the ITO stripe. 

5.4.7 Solar cell evaluation 
 Current–voltage sweeps were taken on a Keithley 2400 source measurement unit 

controlled by a computer. The light source used to determine the PCE was an AM1.5G solar 

simulator system (Sumitomo Heavy Industries Advanced Machinery) with intensity of 100 

mW/cm2. The SCs were masked with a metal aperture to define the active area of 4 mm2. 
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Perspectives 
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In this thesis I described studies on the formation of lead perovskite (CH3NH3
+PbI3

−; 

MA+PbI3
−; PV) crystals and their crystallographic properties, from a chemistry-oriented 

viewpoint. In Chapter 2 the chemical reactions to form PV from lead iodide (PbI2, PI), 

methylammonium iodide (MAI), and a polar solvent (DMF or DMSO) were described. 

Morphology control and reproducibility problem, two of the major concerns of the lead 

perovskite solar cell community, are proved to originate from delicate lead perovskite 

formation process that is a crystal-to-crystal conversion reaction involving reversible 

participation of solvent molecules. The fact that the whole process is reversible proposes also 

a solution to the toxicity problem: recycling of solar cells by recollecting toxic lead 

compounds using a polar solvent. Chapter 3 describes the detailed chemical information on 

how water affects the film quality and how this lead to decomposition of lead perovskite. In 

Chapter 4, crystallographic stability is described, which gave some implications in terms of 

crystallographic properties. In Chapter 5 is presented chemical information that connects 

crystallization pathways in the bulk solid state (described in Chapter 2) and those in the thin-

film state, which has been so far chemically enigmatic. 

The morphology control can be achieved by choice of solvent as well as processing 

conditions in which lead perovskite materials are exposed. When plumbate intermediates 

have significantly large volume per Pb atom the conversion gives solids rich in cracks, while 

when the change is smaller gives solids with smoother surface. In this regard INT-W is the 

best among three intermediates (INT-W, -F, and -S) since the volume change is the smallest 

among them. Thus, one can expect better morphology control by wisely using this water 

effect. Water also hasten the reversible inter-conversion between the intermediates and PV, 

which can also cause degradation of PV to PI, thus we should rationally design the use of 

water by controlling the intake and release timing. 

One necessary task for practical application of lead perovskite solar cells is how to cope 

with the toxicity of lead. The reversible inter-conversion discussed in Chapter 2 poses the 

possibility that the cells can be recycled by reverting PV to PI and MAI by a polar solvent. 

Solar cells once fabricated degrade over time and when they become incapable of generating 

energy the active layer composed of lead perovskite can be converted back to a solution of PI 

and MAI, thus can be used for fabrication of new solar cells again. 

Crystallographic phase change of lead perovskite should be considered when designing 

practical solar cells since it takes place during operating conditions. As a concept to suppress 

this behavior, miniaturization of crystallites by impregnation of polymer was proposed. This 

indeed brought stabilization of the higher temperature phase (cubic phase) at room 

temperature. This topic poses an obscured viewpoint that we should consider crystallographic 

phase transitions of these materials. There should be more investigation on the correlation 

between crystallite properties including sizes, dimensions, and chemical stability. 
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The most obscured process of lead perovskite solar cell fabrication is how the active layer 

is constructed under solution-process. The bulk study in fibrous intermediates posed acid-

catalysis as a method to disperse oriented crystalline lead perovskite crystallite islands. 2-D 

XRD measurements were a useful method to analyze the construction process. There still 

remains room for tuning the proper catalyst in this process. 

This study is not restricted to lead perovskites, rather also related to similar systems such 

as tin perovskites,111,112 germanium perovskites,113 and tin chalcogenides.114 Tin perovskites 

have exactly the same behavior as lead perovskite where a 2-D fibrous structure inter-

converts with cubic or lower symmetry crystallographic phases. There are several germanium 

perovskites that are useful for application to opt-electronic devices. Those perovskites are still 

not well studied in terms of reaction pathways, however, poses worthiness for future 

investigation. Tin chalcogenides are well studied for their attractive properties for 

semiconductor materials.115,116 These materials can be synthesized from a hydrazinium 

precursor that has similar structure to plumbate intermediates of PV.114 These materials also 

need processing to form a nicely ordered form for practical application thus should be studied 

in terms of formation mechanism. 

One mechanically notable difference between lead perovskites and tin perovskites is the 

necessity of solvent molecules in their fibrous crystals. The lead perovskite studied in this 

thesis need solvent molecules in its plumbate intermediates. On the other hand the tin 

counterpart does not require those. In this sense it is better described as another phase of the 

same material. This fact highlights that the distinctive kinetics seen in the conversion between 

intermediates (INT-W, -F, -S) and PV is due to intake and outtake of solvent molecules 

during the conversions. In the absence of intake and outtake the change is better described as 

phase transition. Thus I surmise that one of the reasons lead perovskite is so widely used is 

because the kinetics is slower than simple phase transition thus enabling the reaction 

controllable by modification of the procedure. 

X-ray diffraction was proven to be a useful method for studies on crystal-to-crystal 

conversions. The methodology used in this study could be further applied to other crystal-to-

crystal conversion systems especially solution-processable materials in which isolation of 

intermediates can be expected.  

Overall, throughout the study on the chemistry of lead perovskite crystals I propose 

several future tasks. In the proximity of lead perovskite solar cells, there needs more effort to 

rationally control the formation process of lead perovskite crystals on flat substrates by 

solution process. The formation kinetics is controllable by chemical tuning of the removal of 

solvent molecules from the system. Mass production of solar cells requires more delicate 

control than laboratory scale production thus needs further effort. The ways to mitigate 

toxicity of lead should be addressed by considering the reversibility of PV formation process. 
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In the fields related to pure science, this study is a rare example of crystal-to-crystal 

conversion reactions. Since perovskite crystal structure is one of the commonest crystal 

structures of minerals, this study represents a good example of studies on mineral formation 

processes. Expansion of our understanding to the formation mechanism of other types of 

crystal structures will be a next step advocated by this study. Also, the concepts and 

techniques used here can be applied to crystal formation mechanism or order control of 

molecular functional materials.117-128 
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