
Acceptée sur proposition du jury

pour l’obtention du grade de Docteur ès Sciences

par

Molecular dynamics simulations of nucleation and 
phase transition in halide perovskites

Paramvir AHLAWAT

Thèse n° 11 168

2022

Présentée le 8 avril 2022

Prof. B. Smit, président du jury
Prof. U. Röthlisberger, directrice de thèse
Prof. C. Vega de las Heras, rapporteur
Prof. M. Salvalaglio, rapporteur
Prof. M. Ceriotti, rapporteur

Faculté des sciences de base
Laboratoire de chimie et biochimie computationnelles
Programme doctoral en chimie et génie chimique 





Take up one idea. Make that one idea your life - think of it, dream of it, live on that idea. Let

the brain, muscles, nerves, every part of your body, be full of that idea, and just leave every

other idea alone. This is the way to success. — Swami Vivekanand

Arise, awake and stop not till the goal is reached. — Swami Vivekanand

To my parents and grandmother



Acknowledgements

I thank Professors Michele Parrinello and Michael Graetzel for their continuous encour-

agement and support during my Ph.D. I would like to thank Professor Ursula Rothlisberger

for this opportunity. I thank Professors Anders Hagfeldt, Frank Schreiber, Lyndon Emsley, Jin

Young Kim, Dong Suk Kim and Shaik M. Zakeeruddin for the crucial collaborative help in my

Ph.D. research.

I thank my friends and collaborators Pablo Piaggi, Michele Invernizzi, Haiyang Niu, Omar

Valsson, Claudio Perego, Luigi Bonati, M. Ibrahim Dar, Alexander Hinderhofer, Haizhou Lu,

Jaeki Jeong, Amita Ummadisingu, Jovana Milic, Hong Zhang, Aditya Mishra, Essa A. Alharbi,

Matthaus Babler, Vladimir Rybkin, Zoran Bjelobrk, Swarnendu Bhattacharyya, Polydefkis Dia-

mantis, Viacheslav Bolnykh, Daniele Narzi, Michael Hope, Dominik Kubicki, Minjin Kim, Li

Hong and Andrej Antalik for stimulating discussions and invaluable support. I thank Daniela

Wirz and Karin Pasche for the kind help over the years.

I want to express my gratitude to my parents, brother, and Anjali. Their tremendous under-

standing and encouragement helped me to overcome obstacles in the past few years.

I also want to acknowledge the financial support by the Swiss National Science Foundation

through NCCR-MARVEL and NCCR-MUST.

i





Abstract

Perovskite solar cells have emerged as the most promising cheaper photovoltaic technology.

Besides solar cells, halide perovskites have a wide range of applications due to their remark-

able optoelectronic properties. Starting from ∼3.8% in 2009, solar to the power conversion

efficiency of perovskite solar cells is now >25%, exceeding market leader polycrystalline silicon.

These advancements are mainly due to the improvement in their manufacturing process tar-

geted to make better morphology. To this objective, tens of thousands of experimental studies

are conducted where a wide range of additives, compositions, and processing conditions are

optimized based on a trial and error methodology. Although this approach increased the effi-

ciency, however, perovskite electronics suffer from the problem of stability and reproducibility.

Therefore, to industrialize highly efficient perovskite electronics, one needs to understand

better and rationalize their fabrication process, i.e., crystallization of halide perovskites. In

this thesis, I perform molecular simulations to understand the formation process of halide

perovskites. First, I try to lay out the atomic details of the nucleation process of perovskite

from the solution. I find that nucleation proceeds in a two-step manner where an intermediate

phase forms before the emergence of perovskite crystals from the solution. I observe that

monovalent cations can play an essential role in the nucleation process. On this information,

simulation-driven experiments are performed from experimental collaborators to demon-

strate that the grain size and crystallinity can be tuned by only varying the concentration of

monovalent cations in solution. I also attempted to study the effects of different solvents

and pseudo-halide additives used to make high-efficiency solar cells. I calculated that by

modulating the solute-solvent interactions, one could minimize raw material losses during

the coating process. In comparison, pseudo-halide additives are found to passivate the ionic

defects and may slow down the growth process that helps to improve the final morphology.

Second, I study the solid-solid phase transition in the popular two-step process. I discover

a new path to the low-temperature formation of highly efficient metastable cubic phase of

formamidinium lead iodide perovskite. I first validate my simulations with in-situ experiments

performed by experimental collaborators. Then simulations are employed to design a practical

methodology to successfully make thin films of phase pure cubic formamidinium lead iodide

at lower temperatures. Moreover, I study the intrinsic stability of this material. I calculate the

energy barrier between the metastable photo-active phase and its photo-inactive thermody-

namically stable hexagonal phase. I find that once formed; the photo-active phase might be
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Chapter 0 Abstract

kinetically stable. Additionally, I identify new polymorphs (perovskitoids) of halide perovskites

and also study the structural insights of low-dimensional halide perovskites. Overall, I present

a fundamental understanding of the crystallization of perovskites which is helpful to design

better experiments to make high efficiency and stable perovskite electronics.

Key words: Halide perovskites, Nucleation, Molecular dynamics simulations, Enhanced sam-

pling, Solid-solid phase transition, Perovskite solar cell
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1 Introduction

Hybrid organic-inorganic perovskites have the generic formula ABX3 where A is the organic

cation, i.e. methylammonium (MA+), formamidinium (FA+) or Cesiums (Cs+), B is a metal

cation such as Pb2+ or Sn2+, and X is a halide anion I-, Br- or Cl-. They are currently at the

forefront of the materials’ research with applications ranging from cheaper high-efficiency

solar cells [1–7], light-emitting diodes [8–11], transistors [12, 13], photocatalysts [14–16],

and photodetectors [17, 18]. These materials show remarkable optoelectronic properties

including a highly tunable band gap, i.e., this family of compounds can absorb a wide range

of the light spectrum, high charge carrier mobility, long charge carrier life times and small-

exciton binding energy. Over the past decade, solar to power conversion efficiencies (PCEs) of

perovskite solar cells (PSCs) have increased from 3.8% to 25.5% [19–21] surpassing the market

leader polycrystalline silicon. The external quantum efficiency of perovskite light-emitting

diodes (PLEDs) has reached to ∼ 23.4% [22] which is comparable to the highest efficiencies of

conventional III-V and II-VI qunatum dot LEDs.

The meteoric rise of halide perovskites is also a result of simple manufacturing processes. High

efficiency perovskite electronics PSCs and PLEDs are typically made via solution deposition

techniques which are generally categorized into two types: single-step processes [3, 23–28] and

two-step processes [29, 30]. In the single-step process, perovskite electronics are manufactured

by mixing precursor salts of BX2 (for example, PbI2, PbBr2) and AX (for example, MAI, FAI,

CsBr) in polar aprotic solvents on conducting substrates such as titanium dioxide (TiO2) or

tin oxide (SnO2). Typically used solvents are γ-butyrolactone (GBL), dimethylformamide

(DMF), dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), 2-Methoxyethanol (2-

ME), chlorobenzene (CB), isopropanol (IPA) and toluene (TL). In the two-step process, BX2 is

deposited first and then converted to perovskite via exposure to AX either by dipping in AX

solution in IPA or treating BX2 films with AX vapors. Both processes are normally followed by

annealing at high temperatures mainly to remove the left-over solvents and additives. Other

deposition techniques like multi-source vacuum evaporation [31–34] can also be used to make

perovskites. For example, thermal evaporation of PbI2, FAI2, CsBr have been employed to

fabricate PSCs. However, PCEs of these devices are generally lower compared to solution
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processed PSCs. Taking into account the high-efficiencies, simplicity and cost-effectiveness,

industrial scale production of perovskites is expected via solution processing. However, several

problems associated with this method have to be addressed for the commercialization of

halide perovskites.

Over the years, many experiments established that the efficiency and stability of PSCs [35–39]

and PLEDs [40, 41] depends crucially on the morphology of the material[42–45]. The lack of

precise control over the manufacturing process [46] creates a risk of forming unwanted defects

[47] such as iodide vacancies, photo-inactive structures, pinholes, random stacking of grains,

and grain boundaries. These defects accelerate the light-induced [48] and moisture induced

[49, 50] degradation of PSCs. For example, water and oxygen [51] can diffuse into the perovskite

lattice through the iodide vacancies or grain boundaries. Both are highly reactive towards

under-coordinated divalent metal cation eg. Pb2+ and can either cause irreversible conversion

to water-intercalated photo-inactive phases (eg. MA4PbI6.2H2O) [52] or activates phase

transition from photo-active metastable (eg. cubic-CsPbI3) to photo-inactive stable phases

(e.g. hexagonal-CsPbI3). In particular, ionic defects migrate [53] under constant illumination

[54] and heat corresponding to PSCs working conditions. The mobile ions/vacancies [55]

can produce hysteresis [56] in devices, photo-induced phase separation [57] and promote

the formation of highly reactive I2 [58, 59] which can rapidly disintegrate the perovskite (eg.

MAPbI3) to PbI2. Moreover, accumulated defects on interfaces [60] between perovskite thin-

films and their contact materials, can even diffuse into hole-transport materials giving rise to

unstable devices. Recent experiments revealed that smaller grain sizes present lower energy

barriers for ionic migration than larger ones. Therefore perovskite thin-films with smaller

grain size distribution could degrade faster than thin-films with larger grain size distribution.

Additionally, random stacking of grains results in poor device performances [61]. Apart from

these issues, a key problem in PSCs originates from the fact that the high-efficiency PSCs

are made from meta-stable phases of FAPbI3 and CsPbI3. Experimentalists utilize solution

processing for kinetically driven synthesis of the meta-stable forms of FAPbI3 and CsPbI3.

However, at the same time, structures of different intermediates and the thermodynamically

stable [61, 62] photo-inactive phases can also form during this process which is harmful to

PSCs.

Hence, control over perovskite micro-structure is essential to achieve high performance,

long-term stability and commercialization of PSCs.

To achieve this objective, a wide range of deposition methodologies and recipes have been

designed and new ones continue to emerge day by day. These involve the use of molecular

additives[37, 63–66], polymers [67], ionic-liquids [68], polyiodides [69], pseudo-halides [21],

controlling humidity, different anti-solvents[70], mixing various cations [71], and anions [20,

72], variations in the reaction temperature[73], vapor treatment [74], and even the use of

visible light [75, 76]. However, in the race for increasing efficiencies, many engineering efforts

have been confined to purely empirical trial-and-error strategies. Due to a serious lack of

fundamental understanding of the atomistic mechanisms underlying the chemical synthesis
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of halide perovskites. Nucleation and growth processes dictate the microstructure evolution.

An accurate and detailed understanding of the fundamental aspects of crystallization will

enable a more rational control over the perovskite microstructure and thereby devices with

improved optoelectronic and physical properties. Therefore it is imperative to comprehend

the molecular mechanism of the crystallization of perovskites.

Despite the fact that crystallization plays the main role in controlling the crystal morphol-

ogy, very little is known about the nucleation and growth of halide perovskites.

To this aim, several experiments have been performed by employing X-ray diffraction (XRD)[77],

transmission electron microscopy (TEM) and different spectroscopic techniques[78]. Earlier

studies [79–82] investigated the precursor chemistry and their effects on final morphology.

These studies suggested that crystallization proceeds via the formation of different complex

intermediates. An interesting insight emerged that metal halide complexes [81, 83] (such

as [PbI3]-1, [PbI4]-2, [PbI5]-3 and [PbI6]-4) dominate the pre-nucleation stage and form col-

loidal clusters [84, 85]. The concentration of [PbI4]2- was found to be directly related to the

formation of defects. Moreover, frequently used additives (eg. Cl-) and solvents (eg. DMSO,

NMP) [86] coordinate strongly with divalent cations (eg. Pb2+) and promote the formation

of meta-stable or stable low-dimensional intermediate structures [87–89] (eg. PbI2-DMSO ).

Further studies [90–95] have been focused on revealing structural insights of these interme-

diates and attempted to layout the complex pathway of the crystallization process. A recent

in-situ XRD experiment surprisingly found that similar type of layered structures can also

form on modified SnO2 interfaces. Notably, a study from Paul et al. [96] revealed the structure

of possible polytypes that could precipitate during the nucleation of FA based perovskites.

In contrast, experimental techniques have not yet revealed the dynamical details, thermody-

namics and kinetics (rates) of the nucleation and phase transition of halide perovskite. For

example, the atomic origin and formation of the pre-nucleation clusters, intermediate phases

and their conversion into the perovskite structure have not been established. This is because

nucleation, growth and solid-solid phase transitions are dynamical processes occurring on

very short time and length scales. Nanoscopic length and time scales that characterize nu-

cleation make this a challenging problem for experiments. Thus it is challenging to obtain

microscopic-level insights on nucleation from state-of-the-art experimental techniques. An

alternate approach of molecular dynamics (MD) simulations can complement experiments by

providing atomic-level information on the phase transitions, therefore can help design better

synthesis protocols for highly efficient and stable perovskite electronics.

In this thesis, I decided to perform MD simulations to address different aspects of crystal-

lization of halide perovskites.

In principle, molecular simulations can outline a complete atomistic picture of the crystalliza-

tion process. A straightforward way is to perform brute-force MD simulations, i.e., first set up

a simulation similar to the initial/precursor solutions in experiments and evolve with time in

an isothermal-isobaric ensemble at experimental pressure and temperature conditions. In
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this way, one can directly observe the temporal evolution of the system. However, although

nucleation is ubiquitous in nature and industries, it is tough for conventional MD simulations.

This is mainly because it is a rare event that often happens on a time-scale that can be hopeless

to produce from direct brute-force simulations. Many works have devoted to studying and de-

veloping new methodologies to understand the crystallization from solution. One technique

is seeded simulations[97–99], where a crystalline seed is placed in the saturated solution, and

then the system is evolved with time to investigate the crystallization and growth processes.

Although practical and vital information about the nucleation process can be obtained in this

way, seeded simulations do not allow for the direct observation of nucleation from solution.

Several enhanced sampling methods have been utilized to observe nucleation from solute-

solvent mixtures in reasonable times directly. Such techniques like umbrella sampling[100–

102], path sampling[103, 104], metadynamics[105], Wang-Landau[106] sampling and many

other speed up the exploration of configurational space to overcome the time-scale prob-

lem in regular simulations. Despite a plethora of available methods, it is well known that

every method has its constraints, especially for complex systems such as multi-component

nucleation from solution. Many path sampling methods have shown promising results for

understanding nucleation mechanisms from solution and rate calculations. Despite meticu-

lous, they are often computationally expensive. On the other hand, biasing methods where

sampling of low-probability microstates is increased by adding an external potential (bias)

to the potential energy surface of the system. Bias potential is constructed as a function of

configuration-dependent reaction coordinates. The choice of reaction coordinates is cru-

cial and of utmost importance to the success of biased methods. The underlying principle

in constructing good reaction coordinates is that they should strictly differentiate between

reactant and product states and provide useful information on the reaction paths. Moreover,

it is beneficial to avoid using many reaction coordinates, which increases the dimensionality

of the exploration space and makes simulations harder to converge.

Different methods have been applied to systems like nucleation of urea from solution[99,

107], sodium chloride[108–111] from water, calcium carbonate[112] from water and silver

bromide from solution[113]. The earlier works on nucleation simulations have been pivotal

to establishing fundamental methodologies that can be modified and advanced to simulate

complex problems such as mine. Most of these earlier simulation studies on crystallization

were focused on relatively simpler systems like mine. Simulating the phase transitions of

organic-inorganic lead halide perovskites is an equally intimidating problem and has not been

attempted before. For one thing, due to the presence of several chemical species, competing

crystalline phases may exist, and nucleation and growth pathways can be highly non-trivial.

To overcome these challenges, I decided to adopt the following strategies:

■ First, I studied nucleation and growth in the single-step process. I built necessary

simulation methodologies to perform and analyze the enhanced MD simulations of

crystallization of perovskites from solution. This led to the understanding of the for-

mation of intermediate colloidal structures and the effect of monovalent cations on
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the nucleation of perovskites. Atomic-level details from this study resulted in devel-

oping a new experimental methodology for a rational control over the grain size of

perovskites crystals in thin-films. After realizing the importance of the intermediate

clusters, further questions arose about their final impact on thin-film morphology. This

is why I collaborated with experimentalists and first studied the effect of different sol-

vents on the pre-nucleation stage. I calculated the binding energies of varying solvent

molecules with Pb2+ and performed density functional theory (DFT) based ab-initio

MD (AIMD) of precursor solute-solvent mixtures. I found that the binding affinities

of solute-solvent clusters directly impact the size of intermediate colloidal structures,

which can be tuned by mixing weaker binding solvents (in our case: tetrahydrofuran

(THF)) with commonly used higher binding affinity DMSO solvent. These results were

employed to develop an efficient and economical experimental recipe to make >18%

PCE solar modules. I also studied the possible impacts of pseudo-halide (HCOO-) on

the crystallization process. First-principles electronic structure calculations revealed

that the pseudo-halides strongly coordinate with Pb2+and FA+ cations, which could slow

down the growth process. I also compared their binding affinities to the iodide vacancy

site. I found they could effectively passivate I- vacancies, therefore improving PCE over

25%.

■ Secondly, I studied the two-step crystallization processes. I started with the sequential

deposition where PbI2 is deposited first and later converted to perovskite. I designed

the fundamental simulation methodology and performed simulations of the two-step

process. I found that the two-step proceeds via Ostwald-ripening, where an interca-

lated metastable structure could form at the initial stages of the phase transition, which

is later converted to cubic-perovskite via a solid-solid phase transition. Once again,

molecular simulations established that monovalent cations play an important role in

crystallization. Moreover, I discovered new polymorphs of halide perovskites containing

mixtures of edge-sharing and corner-sharing Pb-I octahedra. Studying this process, I

found a new path for the low-temperature synthesis of the highly efficient metastable

cubic phase of FAPbI3. I collaborated with experimentalists and substantiated my theo-

retical findings via in-situ X-ray and Raman spectroscopy experiments. To bring these

fundamental insights to practical use, I worked with experimentalists, and we designed

a new synthesis recipe to make thin-films of phase pure cubic-FAPbI3. Moreover, I

also studied and disclosed the atomic level understanding of another two-step process,

where methylammonium/formamidinium thiocyanate (MASCN/FASCN) vapors are

used to convert the photo-inactive hexagonal phase of FAPbI3 to the photo-active cubic

phase of FAPbI3. I found that due to their strong affinity towards Pb2+, SCN- anions break

the face-sharing Pb-I octahedra and form a metastable intermediate corner-sharing

structure in access of monovalent cations. This corner-sharing structure provides a

templating driving force for a low-temperature conversion from hexagonal to cubic

phase. From these collaborative studies, I lay out atomic-level details of new routes for

the formation of high-efficiency cubic-FAPbI3 based PSCs. However, a fundamental

question emerged: is metastable cubic-FAPbI3 at least kinetically stable? For this, I
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studied the phase transition between hexagonal and cubic FAPbI3. From simulations,

I estimated an energy barrier of ∼0.7 eV/f.u. Between cubic and hexagonal FAPbI3,

therefore understanding the kinetic stability of cubic-FAPbI3.

■ Moreover, I studied the effect of molecular additives on the final morphology of halide

perovskites. These compounds are usually added to passivate surface defects and

mixed in during or after crystallization of perovskite thin-films. These additives tend to

form low-dimensional perovskites, and their final structures influence the electronic

properties of the PSCs. Here I focused on the crystal structure prediction of these low-

dimensional materials. By using classical MD and DFT simulations, I am able to predict

the crystal structures for a wide range of molecular additives. Lastly, I collaborated with

experimentalists and verified these structures by comparing their chemical and physical

properties with the experimental collaborators’ experimental data obtained from X-

ray crystallography and solid-state nuclear magnetic resonance (ssNMR) spectroscopy

measurements. Lastly, I was also able to develop new inter-atomic potentials for a wide

range of halide perovskites.
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2 Crystallization in the single-step pro-
cess

This chapter was adopted from the following articles:

Postprint version of the article: P. Ahlawat, M. I. Dar, P. Piaggi, M. Graetzel, M. Parrinello, U. Rothlisberger.

“Atomistic mechanism of the nucleation of methylammonium lead iodide perovskite from solution.”

Chemistry of Materials 2020, 32 (1) 529– 536, (doi: 10.1021/acs.chemmater.9b04259)

My contribution: Partially conceived and conceptualized the study. Designed, performed, analyzed all

simulations and wrote the manuscript. Experimental part was carried out by Dr. Ibrahim Dar.

Postprint version of the article: J. Jeong, M. Kim, J.Seo, H. Lu, P. Ahlawat, A. Mishra, Y. Yang, M.

A. Hope, F. T. Eickemeyer, M. Kim, Y. J. Yoon, I. W. Choi, B. P. Darwich, S. J. Choi, Y. Jo, J. H. Lee, B. Walker, S.

M. Zakeeruddin, L. Emsley, U. Rothlisberger, A. Hagfeldt, D. S. Kim, M. Graetzel, J. Y. Kim, “Pseudo-halide

anion engineering for α-FAPbI3 perovskite solar cells.” Nature 592, no. 7854 (2021): 381-385. (doi:

10.1038/s41586-021-03406-5)

My contribution: Conceived, conceptualized, designed, performed and analyzed all simulations in this

study. I wrote the simulations part.

Postprint version of the article: H. Zhang, K. Darabi, N. Y. Nia, A. Krishna, P. Ahlawat, B. Guo, M.

H. S. Almalki, T-S. Su, V. Bolnykh, L. A. Castriotta, D. Ren, M. Zendehdel, L. Pan, S. S. Alonso, R. Li, S. M.

Zakeeruddin, A. Hagfeldt, U. Rothlisberger, A. D. Carlo, A. Amassian, M. Graetzel, “A universal co-solvent

dilution strategy enables facile, eco-friendly and cost-effective fabrication of perovskite photovoltaics.”

Nature Communications 13, 89 (2022). (doi: 10.1038/s41467-021-27740-4)

My contribution: Conceived, conceptualized, designed, performed and analyzed all simulations. I wrote

the simulations part.

2.1 Atomistic mechanism

2.1.1 Introduction

In the ongoing intense quest to increase the performance of PSCs, optimizing the morphol-

ogy of perovskite materials has become imperative to achieve high PCE. MAPbI3 has been

the champion of halide perovskite semiconductors and is presently the most studied light-

absorber among this class of materials. Here, in order to unravel the atomistic details of

7



Chapter 2 Crystallization in the single-step process

perovskite crystallization, I perform well-tempered metadynamics (WTMetaD) simulations

to study the nucleation mechanism of MAPbI3 from a γ-butyrolactone (GBL) solution which

is one of the most commonly used solvents for the crystallization of lead halide perovskites

[3, 70, 114–117]. The WTMetaD simulations demonstrate that nucleation of MAPbI3 from

solution is a multi-step process. I describe the mechanism of the individual stages and present

the atomistic details about the formation of intermediate phases and their conversion to the

perovskite crystal. Initially, dense amorphous clusters mainly consisting of lead and iodide

appear from the homogeneous solution. These clusters evolve into lead iodide (PbI2) like

structures. Subsequently, MA+ ions diffuse into these PbI2-like aggregates triggering the trans-

formation into a perovskite crystal through a solid-solid transformation. These enticing results

allowed to design new experimental strategies to rationally control the dimensions of grains

using spin-coating and to engineer homogeneous nucleation and growth of MAPbI3 single

crystals. Moreover, our experimental collaborator perform experiments to understand the

morphological evolution of the MAPbI3 from GBL in both: (a) homogeneous nucleation to

grow single crystals from solution and (b) heterogeneous nucleation for depositing thin films

using spin-coating. These MD simulation results supported with experiments allowed us to

reveal insights of the evolution of the perovskite microstructure. The experimental results

amply support our unprecedented observations related to the critical role of monovalent

cations in inducing the nucleation process in lead halide perovskites. These insights could

help in a better understanding of the crystallization process, which is essential to fabricate

highly efficient PSCs and other optoelectronic devices.

2.1.2 Results

I start from a well equilibrated solution where the MA+, Pb2+ and I- ions are initially homo-

geneously distributed in GBL. We have prepared three different simulation setups and will

refer to them as simulation (A), (B) and (C), the latter two having lower concentrations of

solute species. Further details are provided in the Methods section. In all cases different Pb-I

complexes, such as [PbI2], [PbI3]- and [PbI4]2- are formed spontaneously in solution with a

uniform distribution. These initial configurations are shown in Fig. 2.1a, Fig. A.1a and Fig.

2.2b for simulations (A),(B) and (C). As expected, during the course of standard (unbiased)

MD simulations, no formation of a perovskite phase is observed due to the presence of a

high free energy barrier for nucleation. This free energy barrier can be rationalized on the

basis of classical nucleation theory, which portrays the formation of crystalline clusters as an

interplay between volume and surface contributions. In a macroscopic system, this leads to a

free energy barrier for the formation of a cluster of a critical size. Before the critical cluster

forms, the system undergoes order and density fluctuations that can be described as clusters

of relatively small size. Eventually, a critical size cluster is formed and the system is able to

surmount the barrier. Further increase in the cluster size is spontaneous. At variance with

this picture, in a confined system as the one used in our simulations, the solution becomes

depleted of solute atoms as the cluster grows thus decreasing the supersaturation with time. As

a consequence, a finite size cluster is not stable. However, this unwanted effect does not distort

8
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the crystallization path as previous experience has shown [107, 118]. To accelerate the rare

nucleation process in such a way that it can be observed within our limited simulation time of

the order of microseconds, I employ WTMetaD which constructs an external bias potential as

a function of a few collective coordinates also known as collective variables (CVs). This bias

potential discourages the re-visting of frequently visited configurations thus enhancing the

fluctuations of the CVs and helping the system to overcome free energy barriers.

a
Density fluctuations 
& formation of [PbI6]4-

Initial solution of MA+, 
  I- and Pb2+ in  GBL

Intermediate phase of 
     PbI2-like structures

Emergence of first 
perovskite nucleus

Crystal growth of first
perovskite nucleus

  Final perovskite 
     crystal in the 
       simulation

b c

d

e
f

Figure 2.1 – Full nucleation pathway illustrated with representative snapshots. Pb-I com-
plexes are shown as golden and blue polyhedra with Pb2+ in the center and I- in the corners.
Free I- is shown as pink spheres. Crystalline MA+ ions are shown in green. (a) initial solution
of MA+, I- and Pb2+ in GBL. MA+ and GBL are shown semi-transparent to visualize the random
distribution of Pb2+ and I- in solution. (b) the initial cluster formation of Pb2+ and I- sur-
rounded by MA+ ions. c) shows only edge-sharing [PbI6]4- octahedra. (d) the first perovskite
nucleus observed in the solution. (e) illustrate the growth of the initial nucleus. (f) the largest
perovskite crystal in the simulations. All of the images were generated with VMD [119].

An appropriate choice of CVs is essential to the success of WTMetaD simulations. I have

chosen two CVs to describe the nucleation process. The first (SP) is the number of MA+ ions
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that have a coordination with MA+, Pb2+ and I- which is compatible with the perovskite phase.

I also use SP to represent the degree of crystallinity in the system. The second one (SPbI6 ) is the

number of Pb2+ ions coordinated by six I-.

a) b)

d)c)

Figure 2.2 – Illustration of the full nucleation pathway for a large simulation system-(C):
Pb-I complexes are shown as green and blue polyhedra with Pb2+ in the center and I- on the
corners. I- is shown as pink spheres. MA+ ions are shown with ball and sticks in the initial
homogeneous solutions and yellow balls in perovskite crystals. Snapshot (a) represents the
initial solution of MA+, I- and Pb2+ in GBL. GBL molecules are respresented with balls and stick
model and shown as semi-transparent. Snapshot (b) shows the intermediate edge-sharing
chains of [PbI6]4- octahedra. Images (c) and (d) are the perovskite crystals observed in the
simulations. Image (d) is the side view of image (c). All the images of these snapshots are
generated with VMD-1.9.2.[119]

Further details about the CVs are described in the Methods section. During the course of the

WTMetaD simulations, perovskite crystals ultimately form in all simulations. The formation
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of these large crystals is shown in Fig. 2.1f for simulation (A), in the Fig. A.1d and Fig. 2.2d

for simulation (B) and (C). I have observed a similar qualitative nucleation mechanism in

all simulations. I have identified three different stages of the biased WTmetaD simulation

trajectories that correspond to different steps during the nucleation and crystallization process

as depicted in Fig. 2.3. At the first stage, amorphous clusters of Pb-I complexes emerge

from the solution. In the second stage, the amorphous clusters partially transform into the

perovskite structure. In the last stage of our trajectories, the crystal grows by sequential

addition and arrangement of ions around the initial nucleus. In the next paragraphs, I describe

each stage in detail.

SP

Figure 2.3 – Perovskite CV employed to drive the nucleation process. In order to guide the
eye, the running average (over 1ns interval) of the CV is shown as a thick black line. The stages
into which the simulation is divided for the purpose of analysis are shown with different colors
(see text for details). Time on x-axis is WTmetaD time.

At the first stage, I observe increased fluctuations in the number of [PbI6]4- octahedra as shown

in Fig. 2.4. The relative increase in the coordination of Pb2+ with I- is achieved by two or

more Pb2+ sharing the same I-. As a result, clusters made from face or edge-sharing [PbI6]4-

octahedra are formed. The time evolution of edge-sharing octahedra is presented in Fig. A.2.

This is in contrast to the network of corner sharing [PbI6]4- octahedra that is characteristic

for the final perovskite structure. MA+ ions surround the [PbI6]4- clusters to compensate the
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large negative charge. These processes increase the local density of solute species. I observe

that [PbI6]4- can eventually transform back to lower order iodoplumbates but the high local

density of solute species is preserved.

a

b

Figure 2.4 – Analysis of the first stage in which cluster formation is observed. Top panel
(a) displays the number of [PbI6]4- complexes divided by the total number of Pb2+ ions in
our simulation. The bottom panel (b) shows the size of the largest cluster as a function of
simulation time. Here we represent the size of the cluster as the fraction of Pb2+ ions in the
cluster out of the total of Pb2+ ions in the simulation box.

In order to quantify the local density fluctuations, I have performed a clustering of Pb2+ ions
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that are coordinated by at least three I- ions within a radial cutoff of 0.40 nm. Further details

on the calculations of the size of these clusters are presented in the methods section. At the

end of this stage, after ∼ 140 ns, Pb2+ and I- ions have formed relatively large amorphous

clusters as depicted in Fig. 2.1b.

Transient PbI2-like 

First perovskite nucleus

(a)

(b)

(c)

(d)

Figure 2.5 – Analysis of the second stage with representative images. Time evolution of edge-
sharing and perovskite corner-sharing octahedra. Thick lines are the running average (over
1ns interval) of the data and are shown in order to guide the eye. (a) the initial cluster at ∼ 140
ns. (b) the configuration of the part of the cluster that evolves into the first perovskite nucleus
at ∼ 161 ns. (c) represents the evolution of the same cluster at ∼ 175 ns.(d) the first perovskite
nucleus in our simulation at ∼ 180 ns. Time on x-axis is WTmetaD time

In the next stage, a part of the amorphous clusters transforms into perovskite. It has been

shown that PbI2-like structures can be important intermediates (or byproducts) in the crystal-

lization of MAPI [70, 120, 121]. Therefore, I quantify the formation of PbI2-like structures in

terms of the number of edge-sharing [PbI6]4- octahedra that share at least three edges with

neighbouring [PbI6]4- octahedra. I also assess the amount of perovskite formed in the solution.

To do so, I calculate the number of corner-sharing [PbI6]4- octahedra that share all six corners

with neighbouring [PbI6]4- and Pb-I-Pb angles between them that are consistent with the

cubic perovskite structure of MAPI at high temperature. Further details on selecting the angle

cutoff and calculations of corner-sharing octahedra are provided in the methods section. In

Fig. 2.5, I show the number of edge-sharing and corner-sharing pervovskite octahedra as a

function of simulation time. Initially, the number of edge-sharing octahedra increases and

attains a maximum value at ∼ 161 ns. The configuration of edge-sharing octahedra at this

time is shown in Fig. 2.1c, Fig. 2.5 and Fig. 2.6
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Figure 2.6 – Visualization of intermediate phases: The picture in the middle represents the
clusters of edge-sharing octahedra in our simulation (A) at ∼ 161 ns. Pb-I complexes are
shown as blue octahedra with Pb2+ in the middle and I- on corners. I- is shown as pink spheres.
Individually arranged structures within edge-sharing clusters are displayed separately. All the
images of these snapshots are generated with VMD-1.9.2 [119]
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(a) (b)

Before MA+ insertion After MA+ insertion

Figure 2.7 – Left panel (a) shows the configuration of edge-sharing octahedra at ∼161ns.
Here we have exlcuded MA+ ions and solvent molecules. Pb-I geometry is shown with blue
octahedra with Pb2+ in the center and I- on the corners. I- is shown in pink spheres. Right
panel (b) shows the configuration of the same species at ∼327ns. Pb-I geometry is shown with
golden octahedra with Pb2+ in the center and I- on the corners.

From Fig. 2.6 one can see that individual parts of these configurations show a remarkable

resemblance to the rocksalt crystal structure. However, these clusters are not big and are

arranged in a way that leaves of PbI2 space between them, therefore I qualitatively name this

a PbI2-like structure. Therefore, a detailed pictorial distribution of the clusters of PbI2-like

structures of edge-sharing octahedra is shown in Fig. 2.6. From the analysis presented in

Fig. 2.7, it is evident that 95% of the edge-sharing octahedra later convert to the perovskite

structure. In the snapshots of Fig. 2.5, the time evolution of the ions that form the first

perovskite structure is shown.

Moving further along the trajectory the PbI2-like structure starts to transform into [PbI4]2-

tetrahedra. This can be seen in Fig. 2.5 where the number of edge-sharing octahedra decreases.

Since the PbI2-like structure opens up, space is created between Pb-I complexes. During this

process, MA+ ions diffuse into these spaces. This mechanism can be observed in the snapshots

of Fig. 2.5. To quantify the diffusion of MA+ ions, I have calculated the self diffusion coefficient

(D) of the subset of MA+ ions that form the first perovskite crystal. From Fig. 2.8, a sharp

increase in the diffusion of MA+ ions from ∼ 155 to ∼ 177 ns can be noticed. The sharp increase

in D takes place during the time interval where PbI2-like structures are the most abundant.

This suggests that the formation of PbI2 seems to be correlated with the diffusion of MA+ ions

inside the Pb-I clusters. From snapshot (c) in Fig. 2.5, one can see that MA+ ions are located

in the vicinity of [PbI4]2- tetrahedra.
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Around 180 ns this structure rearranges into perovskite corner-sharing [PbI6]4- octahedra

with MA+ ions in the center of cubo-octahedral cages. A snapshot of the first born perovskite

crystal is shown in Fig. 2.5. It can also be seen in Fig. 2.5 that there is an increase in the

number of perovskite corner-sharing octahedra compatible with the formation of a perovskite

phase. Also, in Fig. 2.8, the diffusion diminishes substantially implying that the MA+ ions have

become part of the newly formed perovskite crystal.

a

b

Figure 2.8 – Diffusion analysis of the subset of MA+ ions. Time evolution of (a) mean square
displacement and (b) diffusion coefficient of MA+ ions that take part in the formation of the
first perovskite nucleus.

At the final stage, the initial perovskite crystal grows as shown in Fig. 2.3. Snapshots illustrating

this process are displayed in Fig. 2.1d-f. During this process, MA+ ions from solution come

to the surface of the perovskite crystal. To quantify this, I select the MA+ and Pb2+ ions that

form the largest perovskite crystal shown in Fig. 2.1f and calculate the concentration of these

ions in a specific region around the center of the first perovskite nucleus. The dimensions

of this region are selected based on the size of the largest observed crystal corresponding

to simulation time ∼ 327ns. I find that the concentration of Pb2+ ions at this stage remains

approximately the same after the first stage. However, it can be observed from Fig. 2.9a that

there is a continuous increase in the concentration of MA+ ions around the center of the

nucleus and that reaches a maximum at ∼ 327ns. This strongly suggests that MA+ ions have a

fundamental role in the nucleation process. As the MA+ ions reach the surface of the crystal,

a simultaneous formation of perovskite corner-sharing octahedra around these MA+ ions

occurs. This can be seen from the increase in the number of corner-sharing octahedra in Fig.

2.9b and the increase in SP in Fig. 2.3.
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a b

Figure 2.9 – Analysis of the growth. Left panel shows the change in number density of MA+

and Pb2+ ions around the center of the first perovskite nucleus. Right panel displays the
temporal evolution of perovskite corner-sharing octahedra. The thick black line in the right
panel is the running average (over 1ns interval) of the data and is shown to guide the eye. Time
on x-axis is WTmetaD time.

Around 327 ns, the crystal attains its maximum size and afterwards it gradually dissolves

due to the above mentioned depletion effect in a finite size system. In summary, from the

metadynamics simulations, the following qualitative description of the nucleation process

of MAPI perovskite from GBL solution is emerging: Nucleation starts from the formation of

aggregates of Pb2+ and I-. This result is in general agreement with the experimental studies

from Yan et al.[84] and Kadro et al.[116] where colloids of Pb-I complexes display the Tyndall

effect even at higher temperatures. Afterwards, these aggregates evolve into clusters of edge-

sharing [PbI6]4- octahedra and a PbI2-like intermediate phase is formed. Here I show that these

intermediate phase is dominated by a rocksalt type. Eventually, MA+ ions diffuse into the Pb-I

clusters and the PbI2-like intermediate phase transforms into perovskite. In addition, I have

identified that the continuous diffusion of MA+ ions into Pb-I clusters starts the nucleation

and growth of perovskite. Furthermore, these results suggest that the formation of a PbI2-like

phase might facilitate the diffusion of MA+ ions into the Pb-I clusters.

2.1.3 Experimental results and discussion

To ascertain that MA+ ions induce the nucleation and formation of MAPbI3 perovskite struc-

tures, myself and our experimental collaborator designed experiments involving both het-

erogenous and homogenous nucleation processes. To investigate the heterogenous nucleation,

we deposited MAPbI3 (0.75 M, denoted as solution A) from GBL on glass substrate using a

spin-coating technique. More experimental details are provided in the Methods section. The

morphological characterization carried out using field-emission scanning electron microscopy

(SEM) revealed the formation of contiguous films composed of >10 µm sized perovskite grains

(Fig. 2.10a).
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Interestingly, when an excess amount of MAI (0.25 moles) was added to the precursor solution

A, the dimensions as well morphology of polydisperse grains changed drastically (Fig. 2.10b),

inferring a strong correlation between MA+ ions and the nucleation process. By increasing

the excess amount of MAI to 0.5 moles, the dimensions of MAPI grains decreased further as

evident from Fig. 2.10c and histograms (Fig. 2.10d-f). Such a growth behaviour could be

explained by evoking variation in the nucleation density, which gets amplified when excess

MA+ ions are introduced into the precursor solution.

(a)

(b)

(c)

(d) (f)(e)

Figure 2.10 – Morphological characterization of thin films: (a) shows the top view SEM
micrographs acquired from 0.75M MAPbI3 films with 1:1 ratio of PbI2 and MAI in the precursor
solution. (b) shows the top view SEM micrographs acquired from the addition of extra 0.25
moles of MAI and (c) displays the top view SEM micrographs acquired from the addition
of extra 0.50 moles of MAI. Left panel and right panel in (b) and (c) are the low and high
magnification data from the SEM micrographs and also indicated in the respective figures.
Figures (d), (e) and (f) show the grain size distribution of the final perovskite thin films prepared
from solution-(A), solution-(B) and solution-(C) respectively. Further details are provided in
the Methods section. We majorly considered large-sized grains for histograms owing to the
presence of polydisperse grains.
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A plethora of research demonstrates that perovskite films comprising large grains lead to the

fabrication of highly-efficient and stable PSCs. By tailoring the interaction between solvent

molecules or additives with MA+ ions, it is possible to engineer the intermediates, which can

consequently slow down the nucleation process to obtain high-quality perovskite grains. To

further mimic our simulation, we investigated the homogeneous nucleation of MAPbI3 as a

function of MAI concentration in GBL by exploiting the inverse temperature crystallization

(ITC) (Fig. 2.11). It is worth mentioning that ITC is one of the most explored processes to grow

perovskite single crystals. There have been previous efforts to study the effect of monovalent

cations on the morphological evolution of MAPI single crystals[122]. Here we perform similar

experiments to understand the effect of MA+ on nuclei density of perovskites. The formation

of MAPbI3 perovskite crystals can be easily visualized in the different vials displayed in Fig.

2.11. From comparative analysis, we conclude that the number density of the perovskite

crystals increases with increasing concentration of MAI (Fig. 2.11). These results qualitatively

support our theoretical simulations that a higher amount of MA+ ions produces a greater

number of perovskite nuclei in a perovskite precursor solution. Both so-called heterogenous

nucleation (spin-coating) and homogenous nucleation (inverse solubility method) reveal the

critical role of monovalent cations in inducing the nucleation of lead halide perovskites. In

summary, the insights gained through simulation and experiments allowed to put forth some

basic rules for controlling the dimensions and morphology of perovskite grains.

a) b)

Figure 2.11 – Experimental results and analysis of homogeneous nucleation: Figure (a)
shows the crystallisation of MAPI crystals in three different vials with three different con-
centrations of MAI in each vial. The respective concentrations in each vial are depicted in the
picture itself. From left to right crystals grown in test tubes display the distinct black color of
MAPI perovskite structure. Figure (b) displays the crystal of MAPI in GBL from simulations at
the same experimental conditions of 1M concentration and 170◦C. Pb-I octahedra are shown
in blue color. MA+ are shown as yellow spheres. I- are represented with pink spheres.
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2.1.4 Conclusions

To conclude, in this work we employ WTMetaD simulations to uncover the salient atomistic

features of the nucleation of MAPI from solution. Here I have performed MD simulations of

nucleation of a very complex multicomponent systems from solution. Simulations reveal that

a PbI2-like phase appears from the clusters of Pb2+ and I- before the onset of nucleation. This

is followed by the diffusion of MA+ ions into PbI2-like aggregates triggering the transformation

into a perovskite. In this study, the relevant intermediate steps of the entire process were

characterized with atomic detail. This mechanistic understanding of the nucleation process

helped in designing relevant experiments to improve strategies for a better control over

perovskite morphology which are necessary to design industrial processes to make highly

efficient perovskite based solar cells, LEDs, and photodetectors. Furthermore, this work lays

the foundations to study the atomistic details of nucleation and crystal growth of different

perovskites.

2.1.5 Methods

MD simulations

Simulation (A) discussed in this work was prepared with 200 units of PbI2 and 200 units of

MAI, which are randomly distributed in 112 GBL molecules by using the insert-molecule utility

of the gromacs simulation package. Simulation (B) was prepared in the same way with 180

units of PbI2 and 180 units MAI randomly distributed in 368 GBL molecules. Simulation

(C) was prepared with 200 units of PbI2 and 200 units MAI randomly distributed in 2200

GBL molecules. A fixed point charge force field was chosen for MAPI [123] that is known to

reproduce the high temperature cubic phase and the generalized amber force field (GAFF)[124]

was used for GBL. The heterogeneous solute-solvent van der Waals (VdW) parameters were

calculated based on the Lorentz-Berthelot mixing rules. In the force field for MAPI from

Mattoni at el.[123], the VdW interactions of Pb2+ and I- are modelled with a Buckingham-type

potential. Therefore to calculate the heterogeneous solute-solvent parameters with mixing

rules, I used the Lennard-Jones parameters of Pb2+ and I- from Gutierrez-Sevillano at el.[125].

I have chosen a 1.0 nm cutoff for nonbonded interactions and three-dimensional periodic

boundary conditions were applied for each simulation. Long range electrostatic interactions

are treated with the particle-particle-particle-mesh Ewald method. I employ the SHAKE

algorithm[126] to constrain the bond length of hydrogen atoms. The time step used in all of

the simulations is 2 fs. All simulations are performed with the Large-scale Atomic/Molecular

Massively Parallel Simulator(LAMMPS) code (31 Mar 2017)[127]. The systems were first

minimized with a conjugate gradient algorithm with a tolerance of maximum residual force

of 10-3 kcal/mol/Angstrom. After minimization, the systems were relaxed with a 100ps NVT

equilibration run. All production run simulations presented in this work were carried out in

the isothermal-isobaric ensemble. I use a velocity rescaling thermostat [128] with a relaxation

time of 0.1 ps. Simulations (A) and (B) were carried out at 410K and simulation (C) was at 450K.
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The Parrinello-Rahman barostat [129] was used to keep the pressure equal to the standard

atmospheric pressure. The relaxation time of the barostat was set to 10ps. With this setup, at

first we equilibrate the fully solvated simulations for 500 ps. In this way, the ions are uniformly

dispersed in the solvent and density inhomogeneities are eliminated. After completing the

equilibration run, the production WTmetaD run was started for longer time scales, typically

up to 400 ns to 1000 ns. WTmetaD simulations were performed with a set of CVs which are

described in detail in the next section.

Collective variables

The choice of the CVs is critical to be able to describe the crystallization from enhanced

sampling simulations such as WT-MetaD. It is essential to carefully select the appropriate

collective variables (CVs) which can enhance the fluctuations in the local order of crystalline

species that form in solution. A multitude of CVs have been used to study crystallization,

however most of them can only force the system to crystallize in specific crystalline structures.

In this work, we propose a new CV named SP, that does not presume a specific crystalline

phase of MAPI. Thus, it enables us to observe all complexes that form before the onset of

nucleation and reveal important details about the early stages of nucleation. This CV describes

the local order of the species as a product of the individual local densities of MA+, Pb2+ and I-

centered around MA+. Here, I represent the location of MA+ with the position of the center

of C-N axis of the MA+ ion. At first, I evaluate the local densities in the form of coordination

numbers ( f αi ) of individual species MA+, Pb+ and I- surrounding the position i in the center of

C-N axis of MA+ within a defined cutoff radius (rαcut ).

f αi =
Nα∑
j =1

1−
(

ri j

rαcut

)a

1−
(

ri j

rαcut

)b
(2.1)

Where ri j is the distance between positions of i and j. The values for rαcut are selected based

on the first minimum of the radial distribution function (g(r)) of MA+ in the perovskite struc-

ture. To calculate the local densities, ραi , I define another switching function in the space of

coordination numbers.

ραi =
1−

(
f αi

f αcut

)−m

1−
(

f αi
f αcut

)−n (2.2)

Where f αcut is the lower threshold of the coordination number. The values for f αcut are chosen

equal to the number of MA+, Pb2+ and I- in the first coordination sphere of MA+ in the per-

ovskite structure of MAPI. The local order around i is calculated by multiplying the individual

local densities of each species.

ηi =
∏

α=M A,Pb,I
ραi (2.3)
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The final expression for the CV is the following:

SP =
NM A∑
i =1

ηi (2.4)

Where NM A is the number of MA+ ions around which the variables are defined. We have

implemented this CV in PLUMED-2.4[130]. The values for rαcut and f αcut that are used in our

simulation are shown in the following table.

Table 2.1 – Values for the switching functions used in SP

Species rαcut f αcut

MA+ - MA+ 0.75nm 6.0

MA+ - Pb2+ 0.70nm 8.0

MA+ - I- 0.55nm 12.0

The second CV, SPbI6 is defined as the number of Pb2+ ions that have a coordination of six with

I- within a certain threshold. At first, I calculate the coordination number of Pb2+ with I-.

f Pb−I
i =

NI∑
j =1

1−
(

ri j

r Pb−I
cut

)a

1−
(

ri j

r Pb−I
cut

)b
(2.5)

Where ri j is the distance between positions of i and j. Here i and j represent the indices of

Pb2+ and I-. Then we define another switching function in the space of coordination number

of Pb-I.

SPbI6 =
NPb∑

i

1−
(

f Pb−I
i

f Pb−I
cut

)−m

1−
(

f Pb−I
i

f Pb−I
cut

)−n (2.6)

The values for rPb-I
cut and fPb-I

cut are taken as 0.39 nm and 6. The values for a,m and b,n are 6 and

12. The height of the Gaussian bias potentials is set to ≈ 2kBT. The width of the Gaussian bias

potentials is set to 0.5 and 1.0 for SP and SPbI6 respectively. The Gaussian hills are deposited

after every 1 ps. I have chosen a bias factor of 300 that allows for an extensive exploration of

hundreds of solute molecules contained in a typical simulation box. More theoretical details

on WTmetaD can be found in references[131][105].

2.1.6 Clustering at the first stage

In order to quantify the number and type of the clusters of Pb2+ and I- at the first stage of

nucleation in our simulations, I have performed a clustering analysis with the depth first
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search (DFS) algorithm. Further details on using this method and the implementation in

PLUMED 2.4[130] are provided in reference [132]. The following plumed input is used for

clustering.

Plumed input file:

In the first two lines, the number of Pb2+ ions (cPbI3) that are coordinated by at least three

I- ions within a radial cut-off of 0.40 nm are calculated. Then the coordination number of

these Pb2+ ions (cPbI3) with each other is calculated and only those Pb2+ ions (cmPbI34) are

selected which have a coordination number of at least four between them with a radial cutoff

of 0.70 nm. An adjacency matrix is built between cmPbI34 within a cutoff distance of 0.70 nm

and the corresponding cluster is calculated with the DFS algorithm.

2.1.7 Edge-sharing octahedra

To calculate the number of edge-sharing octahedra, I identify the Pb2+ ions that have a six

fold coordination with I- in a radial cutoff of 0.40 nm as described in the equations for SPbI6 .

Since the positions of Pb2+ and I- ions are fluctuating continuously in our simulations, I

decide to take a larger cutoff as compared to the nearest distance between Pb2+ and I- in the

MAPI perovskite structure. However, my algorithm only selects the nearest six I- to Pb2+ and

assigns them as [PbI6]4- octahedra. Then I quantify them on the basis of number of I- shared

between two neighbouring [PbI6]4- in a distance of 0.50nm between them. This distance

cutoff is chosen according to the first coordination sphere of Pb2+ atoms in the crystalline

P-3m1 structure of PbI2. The partial radial distribution function (g(r)) of Pb2+-Pb2+ ions in the

crystalline cubic phase of MAPI and the P-3m1 phase of PbI2 is shown in Fig. A.3. A [PbI6]4-

octahedra is identified as an edge-sharing octahedra if the indices of any two of six I- that

take part in the formation of this [PbI6]4- octahedra are the same as any two out of six I- of

neighbouring [PbI6]4- octahedra. Edge-sharing [PbI6]4- octahedra are classified based on the
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number of edges shared between them. I call a [PbI6]4- octahedron as 1-edge-sharing if at least

one-edge is formed between them, 2-edge-sharing if a [PbI6]4- octahedron shares at least two

edges with two different [PbI6]4- octahedra, 3-edge-sharing shares at least three edges with

three different [PbI6]4- octahedra. In Fig. A.2 I show the time-evolution of the number of edge-

sharing octahedra in simulation (A). It can be noticed that all types of edge-sharing octahedra

reach maxima at the second stage ∼ 161ns. At this time, I observe aggregates of edge-sharing

octahedra as displayed in Fig. 2.6. Since it is difficult to see the arranged PbI2-like structures

in this cluster, therefore for clarity, in Fig. 2.6 I also display the individual regions of the cluster.

These smaller clusters of edge-sharing octahedra show remarkable similarity with the unit cell

of PbI2. I also track the evolution of these edge-sharing octahedra in our simulation. From Fig.

2.7, one can see that almost all of the edge-sharing octahedra in simulation (A) get converted

into a perovskite structure at ∼ 327ns.

2.1.8 Perovskite corner-sharing octahedra

ca

b

θ = Pb− I −Pb

Figure 2.12 – Perovskite corner-sharing octahedra.The two snapshots (a) and (b) on the left
shows the configurations of perovskite corner-sharing octahedra. The picture (c) on the right
is the histogram of Pb-I-Pb anlges in the cubic perovskite structure of MAPI.

Perovskite corner-sharing octahedra are calculated in the following steps:

1. Initally I calculate the number of Pb2+ that have six fold coordination with the nearest I-

in a cutoff of 0.40 nm and mark them as [PbI6]4- octahedra.

2. Secondly, I identify the [PbI6]4- octahedra that have a coordination number of six with

neighbouring [PbI6]4- octahedra within a distance cutoff of 0.72 nm. This distance cutoff

is taken according to the first coordination sphere of Pb2+ ions in the cubic perovksite

phase of MAPI as shown in Fig. A.3.
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3. Then I count the number of those particular octahedra (displayed in red color in Fig.

2.12a) that are sharing six I- corners with the neighbours and the angle between Pb-I-Pb

(as shown in Fig.2.12a) of these octahedra is more that 150◦. The value of this angle is

selected from the histrogram of Pb-I-Pb angles displayed in Fig. 2.12c. This histogram

is calculated from a 10ns trajectory of a supercell made of 7x7x7 unit cells of cubic MAPI

at 410K and atmospheric pressure in the isothermal-isobaric ensemble as described in

the Methods section. These octahedra form the core of the perovksite crystal.

4. The total number of perovskite corner-sharing octahedra are calculated as sum of core

(shown in red color in Fig. 2.12) and their neighbours (shown in green colors in Fig.

2.12).

2.1.9 Experimental Methods

Materials and Chemicals

Lead iodide (PbI2) (TCI), methylammonium iodide (MAI) (Greatcell Solar), andγ-Butyrolactone

(GBL) (Sigma-Aldrich). All the chemicals were used as received.

Spin-coating method (Heterogenous Nucleation)

Three different perovskite precursor solutions including 0.75 M MAPbI3 (PbI2 + MAI in 1:1

molar ratio), 0.75 M MAPbI3 + 0.25 moles of MAI and MAPbI3 + 0.50 moles of MAI were

prepared in GBL. These precursor solutions were heated at 330K for 4 h prior to the deposition.

Typically, 50 µL of precursor solution was spin-coated on the precleaned glass substrates

at a speed of 3000 rpm for 30 s with an acceleration of 2000 rpm. The resulting films were

subsequently annealed at 373K for 10 minutes under inert conditions.

Growth from Solution (Homogeneous Nucleation)

We prepared three different perovskite precursor solutions such as 1 M MAPbI3(PbI2 + MAI in

1:1 molar ratio), 1 M MAPbI3 + 0.15 moles of MAI, and 1 M MAPbI3 + 0.30 moles of MAI dis-

solved in GBL. To induce homogeneous nucleation and to observe the growth and formation

of perovskite single crystals, the resulting solutions were rapidly heated to 430K on a hot plate.

This method is commonly known as inverse solubility method. All the experimental variables

including concentration, duration and temperature were carefully optimized. Relatively less

concentrated solution demanded high temperature (>450K for > 1M solution), and longer du-

ration (1h) to realize the formation of perovskite crystals, and in case of very low concentrated

solutions (< 0.6 M), we did not observe the formation of perovskite single crystals, even after

prolonged heating at high temperature. Field-emission scanning electron microscope (ZEISS

Merlin) with an In-lens detector operating at an acceleration voltage of 3 kV was employed to

examine the surface morphology of perovskite films.
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2.2 Effect of different solvents

2.2.1 Introduction

A typical perovskite precursor solution consists of lead halide salts, organic or inorganic am-

monium salts, dissolved in toxic polar aprotic solvents (e.g., DMF, dimethylacetamide (DMAc),

NMP, etc.) and other high-boiling point solvents such as DMSO in high concentration. The

high purity raw materials (e.g., PbI2, FAI, MAI, etc.) are very expensive and having a short

shelf life due to aggregation/degradation. Fabrication of the state-of-the-art PSCs requires a

high concentration of lead components [20, 21] to obtain thick, compact, highly crystalline,

and pinhole-free photovoltaic devices. Record efficiencies are currently achieved through

a combination of coating processes with a highly concentrated precursor solutions. How-

ever, spin-coating of high concentration solutions also results in precursor waste generated

during processing. This cannot be addressed by lowering the concentration of traditional

precursors without also lowering film thickness and PCE. Such high concentration perovskite

solutions with high viscosity and low evaporation rates create obstacles to typical scalable

perovskite deposition methods [133] in industrial applications, e.g., slot-die coating, spray

coating, blade coating, ink-jet printing, roll-to-roll printing as well as industrial-based spin

coating, by slowing down the continuous production rate and reducing opportunities for

collection and reuse of excess solution. Another downside of concentrated solutions is their

short shelf-life due to propensity to aggregate and agglomerate, which increases toxic waste.

Therefore, commercialization of PSCs requires to develop an eco-friendly strategy [134] which

can minimize the consumption of toxic materials by simultaneously reducing toxic waste

during processing steps and by extending the shelf life of perovskite-precursor inks.

2.2.2 Results

Here, I present molecular understanding of a co-solvent dilution strategy which maintains

high-quality perovskite films with very low concentration precursor solutions. Consider-

ing the precursor solubility and its toxicity, our experimental collaborators choose tetrahy-

drofuran (THF) as a co-solvent which is considered as a green solvent [135] with very low

disability-adjusted life year (DALYs) per kg of substance emitted among typical solvents of

PSCs fabrication.

To validate the co-solvent dilution mechanism, I employ a combination of computational

methods, including DFT calculations and ab-initio MD simulations. I first investigated the

solvent-solute interaction by DFT calculations. I calculated the interaction energies of Pb2+

with pure DMSO, DMF, THF, and their mixtures for prototypical tetra-coordinated complexes

Fig. 2.13. I find that the interaction energy of Pb2+ with THF is considerably lower than with

DMSO and DMF, as illustrated in Fig. 2.14. I also find that an intimate mixture with THF can

significantly decrease the average interaction energy of Pb2+ with the solvent molecules which

we anticipate may have implications on the conversion chemistry, that is, if some THF remains
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coordinated, the conversion to the perovskite phase might be enhanced. This phenomena is

demonstrated via different experiments.

Figure 2.13 – Prototypical tetracoordinated Pb2+ clusters with different solvents:(a) DMSO,
(b) DMF, (c) THF, (d) mixtures of DMSO and THF, and (e) mixtures of DMF, DMSO and THF. All
the atoms are labeled with their element symbols. All species are shown with balls and sticks
representations.

Figure 2.14 – Solvent-solute interactions: Average binding energies of Pb2+ ions with solvents
and their mixtures (evaluated on the tetracoordinated complexes shown in Fig. 2.13). b-c Ab
initio MD simulations of perovskites precursors in (b) DMSO and (c) THF/DMSO mixture after
∼15 ps. All species are shown with balls and sticks representations. Pb ions are shown with
golden color, I with pink color, Cs with greenish-blue, Br with orange, C with light blue, N with
dark blue, O with red, S with yellow and H atoms with white color. In the (b) and (c) panels,
lead coordination polyhedra are shown within a 3.6 Å cutoff.
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To further understand the finite-temperature solvation effects at the pre-nucleation stage, we

performed ∼15 ps ab-initio MD simulations of solute-solvent mixtures without and with THF.

Simulation details are presented in the methods section. To evaluate the effect of co-solvent

dilution on the solvent-solute interaction, I use DMSO as a model system in the following

discussion. As shown in Fig. 2.13, I see that both Pb2+ and monovalent cations (FA+ and

MA+) are highly coordinated with oxygen atoms of DMSO molecules, forming individual small

clusters in the case of perovskite precursor in pure DMSO. This can be expected due to the

high interaction energies with DMSO (see Fig. 2.13).

However, in pure THF, I find that the Pb-I edge-sharing clusters start to form during the MD

simulations. This can also explain the experimental observation that precursor complexes are

not able to dissolve in pure THF. Interestingly, I find a mixed behavior in the DMSO/THF mixed

system with the formation of small mixed Pb-I-solvent clusters and large Pb-I edge-sharing

clusters (Fig. 2.13c). These smaller solute-solvent clusters can also act as nucleation centers as

described in the first part of this chapter. A similar behavior was also observed in the mixtures

of DMSO/DMF/THF. One of the main insights from these simulations is that the addition of a

co-solvent, like THF, can be used to tune the solvent-solute interaction strength with a direct

impact on the subsequent conversion and crystallization process of the perovskite phase. This

strategy could substantially reduce the quantity of expensive raw materials in the perovskite

precursor ink, and reduces the toxic waste production by minimizing precursor loss during

the processing of perovskite films.

2.2.3 Methods

I use the Gaussian 16 program package [136] to perform electronic structure calculations for

binding energies. All calculations were carried out at the level of DFT with the Becke-Lee

Yang Parr (B3LYP) hybrid functional [137, 138] and with a LanL2DZ[139] basis set for Pb and

6-311G+(d,p) basis set [140] for C, N, S, O, and H atoms. All Pb-solvent clusters are shown in

Fig. 2.13: (a) Pb with 4 DMSO (noted as DMSO in Fig. 2.14a), (b) Pb with 4 DMF (noted as

DMF in Fig. 2.14a), (c) Pb with 4 THF (noted as THF in Fig. 2.14a), (d) Pb with 1 THF and

3 DMSO ((noted as DMSO:THF in Fig. 2.14a)) and (e) Pb with 2 THF, 1 DMF and 1 DMSO

molecules (noted as DMSO:DMF:THF in Fig. 2.14a). First, I performed geometry optimization

of different metal (Pb)–organic (solvent molecules) clusters. To determine the solvent-metal

interaction energies, I calculated the energy difference between relaxed configurations (shown

in Fig. 2.14), the same solvent configurations with Pb2+ removed and the energy of the isolated

Pb2+ cation.

Ab-initio MD

I performed constant temperature and constant pressure (NPT) Born-Oppenheimer MD

(BOMD) simulations of a homogeneous mixture of different precursor solutions. For all

simulations I used a typical mixed cations/halides configuration of 7 Pb2+, 20 I-, 1 Cs+, 1
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Br-, 5 FA+, 1 MA+ in 24 solvent molecules. I performed 5 different precursor simulations of

the mixtures of these ions: (a) pure DMF, (b) pure DMSO, (c) pure THF, (d) mixture of THF

and DMSO (1:1 mixture) and (e) mixture of THF, DMSO and DMF (3:1:2). All simulations

were performed with DFT at the PBE+D3 [141, 142] level with double-zeta basis sets (DZVP-

MOLOPT for Pb, I, S, O, C, N, H) [143] and Goedecker–Teter–Hutter (GTH) pseudopotentials

[144] with 560 Ry density cutoff. BOMD simulations were performed with the CP2K package

[145, 146]. I used a time step of 1 fs and a Nose-Hoover chain thermostat [147–149] was used

for controlling the temperature at 300 K and the barostat by Martyna et al.[150] was used for

pressure control at 1 atm.
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2.3 Effect of pseudo-halides

2.3.1 Introduction

In this part, I studied the effect of pseudo-halide anion formate (HCOO-) that is used as

additive from experimental collaborators to control crystallization of FAPbI3, to suppress

anion-vacancy defects that could be present on grain boundaries as well as surface defects of

the perovskite films. The resulting solar cell devices reached a world record power conversion

efficiency of 25.6% and had long-term operational stability. This provided an efficient way to

eliminate the most abundant and deleterious lattice defects present in metal halide perovskites,

therefore providing a facile access to solution-processable films with improved optoelectronic

performance.

2.3.2 Results

At first we have to understand if HCOO- becomes part of bulk FAPbI3 lattice or not. To this

aim, I performed DFT calculations of the formation energy of doped FAPbI3, explained in

the methods section. I find that the formation energy increases after replacing I- with HCOO-

anions, therefore concluding that HCOO- could not be doped into FAPbI3. To explore the

unique role of HCOO- anions, I performed ab-initio MD simulations of a homogeneous

mixture of different ions in the precursor solution (see ethods, Fig. 2.15), comprising Pb2+, I-,

HCOO-, and FA+, and found that the HCOO- anions coordinate strongly with the Pb2+ cations.

(a) (b)

Figure 2.15 – Ab-initio MD of precursor solution: (A) MD snapshot showing the coordination
of Pb2+ ions with HCOO- anions. To guide the eyes, we only highlight Pb2+ and HCOO- ions.
Rest of the ions and solvent molecules are shown with transparent color. All ions are shown
with balls and sticks representation. Pb2+ ions are shown with yellow balls, oxygen with red
balls, carbon with light blue, nitrogen with dark blue, sulfur with light yellow and hydrogen
atoms are represented with white balls. (B) The radial distribution function g(r) between the
oxygen atoms of HCOO- around Pb2+ over the full ab-initio MD trajectory of ∼11 ps.
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Figure 2.16 – Ab-initio MD of formate anions on the surface:(a) Initial configuration with
surface iodide replaced by formate anions. All ions are shown with balls and sticks repre-
sentation. Pb2+ ions are shown with yellow balls, iodides with light pink, oxygen with red,
carbon with light blue, nitrogen with dark blue and hydrogen atoms are represented with
white balls. (b) The top view of the surface atoms on the Pb2+ terminated side. (c) The top view
of surface atoms on the FA+ terminated side. Pb2+-HCOO- and FA+-HCOO- bonding networks
are illustrated with red colored bonds in (b) and with magenta colored bonds in (c).

This strong coordination might help in slowing down the growth process, resulting in larger

stacked grains of the perovskite film, which is validated by the in-situ thin-film experiments.

Compared to the reference film, 2% HCOO--FAPbI3 film had a slower color change from brown

to black. I also performed MD simulations to understand the surface passivation effects of

HCOO- anions. (Fig. 2.16 shows a super cell of a α-FAPbI3 perovskite slab with surface iodides

replaced by formate anions. I found that HCOO- anions can form a nexus of hydrogen bonding

with FA+ ions (shown in (Fig. 2.16c), in agreement with the hydrogen bonding in the FAHCOO

crystal structures. In addition, HCOO- anions can also form a bonding network on the Pb2+

ion terminated surface because of their strong affinity towards lead (shown in (Fig. 2.16b).
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(a) (b)

Figure 2.17 – Binding affinities: (a) Calculated structure illustrating the passivation of an I-

vacancy at the FAPbI3 surface by a HCOO- anion. All chemical species are shown in balls
and sticks representation. (b) The relative interaction strengths of different anions with the I-

vacancy at the surface.

Fig. 2.17a shows a HCOO- anion passivating an I- vacancy at the FAPbI3 surface. I then

calculated the binding affinity of the HCOO- anions to the I- vacancies at the surface (Figs.

A.4, A.5, A.6). I- vacancy defects are the most deleterious defects for the stability of halide

perovskites. The energies in Fig. 2.17b show that HCOO- has the highest binding energy

to I- vacant sites at the interface compared to other anions including Cl-, Br-, I- and BF-
4.

Furthermore, I have also calculated the binding energies of formamidinium at the interface

with formate anions and with other anions (see methods and Fig. A.7 and Fig. A.8 ). I found

that FA+ cations at the interface form a stronger bonding with HCOO- than with the other

anions. One can conclude that the HCOO- anion acts as a passivating agent against the

formation of vacancy defects (such as I- and FA+).

2.3.3 Methods

DFT calculations of the formation energy:

I constructed 12 and 24 formula unit (f.u.) supercells ofα-FAPbI3 and a hypothetical FAPb(HCOO)3.

In order to create the formate analogue of the cubic perovskite phase, I took inspiration from

the published literature on formate based perovskites [151]. The FAPb(HCOO)3 perovskite

structure was thus constructed by taking the perovskite structure of formamidinium man-

ganese formate [152] as an initial template and replacing the manganese ion with the lead

(Pb2+) ion. After this, the structure was relaxed with DFT. The formation energies of both cubic

perovskite phases, FAPbI3 and FAPb(HCOO)3 were calculated with respect to the precursor

phases. For α-FAPbI3, we chose PbI2 and FAI as precursors: EPure = E[FAPbI3] – E[FAI] –

E[PbI2], while for FAPb(HCOO)3 we chose lead formate (Pb(HCOO)2) and formamidinium for-

mate (FAHCOO) as precursors: EHCOO doped = E[FAPb(HCOO)3] – E[FAHCOO] – E[Pb(HCOO)2].

Here, E is the total energy of the respective fully relaxed phases calculated with DFT. The for-
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mate based precursor structures were taken from the Cambridge Crystallographic Structural

Database [153–155]. All calculations were performed at 0 K, without considering thermal

effects. The resulting formation energy of the 144 atoms supercell (12 f.u.) of α-FAPbI3 is

ca. +0.15 eV/f.u., while the formation energies of the 252 atoms supercell (12 f.u.) of cubic

FAPb(HCOO)3 is ca. +0.26 eV/f.u., showing that the formation energy increased by replacing

iodide anions with formate anions on the α-FAPbI3 lattice. Taking into account possible finite

size effects, we also compared the formation energies of 24 f.u. supercells of α-FAPbI3 (288

atoms) and cubic-FAPb(HCOO)3 (504 atoms) and found that the formation energy increased

similarly. Furthermore, I also highlight the fact that the effective ionic radius of the formate

anion is 136 pm and smaller than 181 pm for the chloride anion. Therefore, I conclude that

the formate anions cannot be doped inside cubic lattice of α-FAPbI3.

Computational details: I performed variable cell Kohn-Sham DFT calculations of all struc-

tures within the Generalized Gradient Approximation (GGA) in the form of the Perdew-Burke-

Ernzerhof (PBE) [141] exchange-correlation functional with Grimme D3 dispersion corrections

[142]. I used Quantum Espresso [156] with ultra-soft pseudo-potentials for valence-core elec-

tron interactions and a plane wave basis set with a 60 Ry kinetic energy cutoff and a 480 Ry

density cutoff. The Brillouin zone for the 144 atoms supercell of α-FAPbI3 was sampled by

a 1x1x2 k-point grid, the 108 atoms supercell of FAI by 1x1x2 k-points grid, for the 36 atoms

supercell of PbI2 by 2x2x2 k-points, for the 252 atom supercell of FAPb(HCOO)3 by 1x2x1

k-point grid, the 144 atom supercell of FAHCOO by 1x2x2 k-points and the 108 atom supercell

of Pb(HCOO)2 by 1x2x2 k-points.

Reference crystal structures for DFT calculations:

CCDC reference: 1861266 – Formamidinium formate (FAHCOO)

CCDC reference: 925259 – Lead formate (Pb(HCOO)2)

CCDC reference: 1538402 – Formamidinium iodide (FAI)

Ab-initio MD of homogeneous mixture of ions at pre-nucleation stage

I performed constant temperature and constant pressure (NPT) Born-Oppenheimer MD

(BOMD) simulations of a homogeneous mixture of ions: 6 Pb2+, 9 I-, 9 HCOO-, 6 FA+ in, 4

dimethyl sulfoxide (DMSO) and 16 dimethylformamide (DMF) molecules. All simulations

were performed at DFT level (PBE+D3) [141, 142] as described in the methods section. These

simulations show that formate ions coordinate strongly with Pb2+ ions which might help in

avoiding formation of δ-phase at the pre-nucleation stages. Furthermore, this coordination

also slows down the growth process which helps in the formation of larger stacked grains.

Computational details: BOMD was performed with the CP2K package [145, 146]. I used

a time step of 1 fs, a Nose-Hoover chain thermostat [147–149] for controlling the temperature

at 300 K and the barostat by Martyna et al. [150] for pressure control at 1 atm. All simulations
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used DFT at the PBE+D3 [141, 142] level with double-zeta basis sets (DZVP-MOLOPT for Pb,

I, S, C, N, H) [143] and Goedecker-Teter-Hutter (GTH) pseudopotentials [144] with a 560 Ry

density cut-off.

Ab-initio MD of formate anions on the surface of FAPbI3

To further understand the passivation effect of HCOO- anions, I also performed DFT level MD

simulations. In the absence of an experimental determined atomistic structure for formate

passivated surface or grain boundaries, I started with a plausible passivated structure of FAPbI3.

In this computational experiment, I first created a 684 atoms slab (vacuum on both sides) of

α-FAPbI3 with two-different terminated sides ie. with a cut through a FA-I plane on one side

and through a Pb-I plane on the other side. Then we fully replaced the outmost surface layers

of I- anions with HCOO- anions. This final configuration is shown in Fig. 2.16. In the case

that formate anions passivate the iodide defects, these are the two possible configurations

that can be present at the perovskite-HTM interface or grain boundaries. For this structure, I

performed constant temperature and constant volume (NVT) BOMD simulations. We ran ∼12

ps BOMD with a similar setup as defined above.

Passivation effects of HCOO- anions

Comparison of HCOO- passivation strength with other anions at I- vacancy on surface: To

understand the benefits of the surface passivation with formate anions, I created an I- vacancy

(only one) at the surface and compared the binding affinities of different anions to this vacant

site. I selected I-, Cl-, Br-, BF-
4 and HCOO-. At first, different anion passivated structures

were relaxed at the DFT level with variable-cell optimization as described in the following

computational details. All of the DFT relaxed slabs are shown in Fig. A.4. To calculate the

binding energies the adsorbed anions from surface were moved in the z-direction as shown

in Fig. A.4(f). DFT energies were calculated for each structure along this de-sorption profile.

The resulting energy profiles were used to estimate the relative binding strengths shown

in Fig. 2.17b were calculated relative to the energy of the respective original (fully bound)

configurations.

Computational details First, I constructed a 324-slab structure of cubic phase FAPbI3 with

more than 15 Å empty space in the z-direction. Four more different structures were con-

structed from this slab by replacing one I- from surface with four different anions: Br-, Cl-,

BF-
4 and COOH- on the FA-I and Pb-I terminated surfaces of the slab. DFT calculations are

performed with a similar setup as described above with a plane wave basis set of 60 Ry kinetic

energy cutoff for the wavefunctions and 480 Ry density cutoff. The Brillouin zone was sampled

by a 2x2x1 k-points for every structure. There is a possibility of I- vacancy passivation (by Br-,

Cl-, BF- and HCOO-) on both Pb-I terminated surfaces, shown in Fig. A.4 and FA-I terminated

surfaces, shown in Fig. A.5. The binding affinities shown in Fig. 2.17b are calculated on the

Pb-I interfaces at z-distance ∼4Å.
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Systematic comparison of binding energies of passivated surface To further understand ef-

fects of the surface/grain boundaries passivation with HCOO- anions, I also performed a

systematic comparison of the desorption energies of FA+ cations from surfaces passivated

with different anions: I-, Cl-, Br-, BF-
4 and HCOO-. To this end, different anion passivated struc-

tures were constructed and subsequently relaxed with DFT level variable-cell optimization

as described above. I constructed a 240 atoms (2x2x5) slab of cubic phase FAPbI3 with more

than 15 Å empty space in the z-direction. Four more different structures were made from this

slab by replacing surface I- with four different anions: Br-, Cl-, BF-
4 and COOH- on the FA-I

terminated interface of the slab as depicted in Fig. A.6. All of the DFT relaxed slabs are shown

Fig. A.7. Then one FA+ cation from surface was selected and moved to the increasing distance

along z-direction. DFT energies were calculated for each structure along this desorption

profile. The resulting energy profiles (at distance ∼4Å) shown in the Fig. A.8 were calculated

relative to the energy of the respective original (fully bound) configurations.
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3 Phase transitions in the two-step
process

This chapter was adopted from the following articles:

Postprint version of the article: P. Ahlawat, A. Hinderhofer, E. A. Alharbi, H. Lu, A. Ummadisingu, H. Niu,

M. Invernizzi, S. M. Zakeeruddin, M. I. Dar, F. Schreiber, A. Hagfeldt, M. Graetzel, U. Rothlisberger and

M. Parrinello, “ A combined molecular dynamics and experimental study of two-step process enabling

low-temperature formation of phase-pure α-FAPbI3.” Science Advances 7, no. 17 (2021): eabe3326. (doi:

10.1126/sciadv.abe3326)

My contribution: Conceived, conceptualized and coordinated the research. Designed, performed and

analyzed all simulations. Conceived and designed experiments with Dr. Haizhou Lu and Dr. Essa A. Alharbi.

I wrote the manuscript.

Postprint version of the article: H. Lu, Y. Liu, P. Ahlawat, A. Mishra, W. R. Tress, F. T. Eickemeyer,

Y. Yang, F. Fu, Z. Wang, C. E. Avalos, B. I. Carlsen, A. Agarwalla, X. Zhang, X. Li, Y. Zhan, S. M.

Zakeeruddin, L. Emsley, U. Rothlisberger, L. Zheng, A. Hagfeldt, M. Graetzel,“Vapor-assisted deposition

of highly efficient, stable black-phase FAPbI3 perovskite solar cells.” Science 370, no. 6512 (2020). (doi:

10.1126/science.abb8985)

My contribution: Conceived, conceptualized, designed, performed and analyzed all simulations. I wrote

the simulations part.

3.1 Sequential deposition

It is well established that the lack of understanding the crystallization process in two-step

sequential deposition has a direct impact on efficiency, stability and reproducibility of per-

ovskite solar cells. Here, I try to understand the solid-solid phase transition occuring during

two-step sequential deposition of methylammonium lead iodide and formamidinium lead

iodide. Using metadynamics, DFT and experiments, we reveal the microscopic details of this

process. I find that the formation of perovskite proceeds through intermediate structures and

report polymorphs found for MAPbI3 and FAPbI3. From simulations, we discover a possible

crystallization pathway for the highly efficient metastable α-phase of FAPbI3. Guided by these

simulations, we perform experiments that result in the low temperature crystallization of
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phase-pure α-formamidinium lead iodide.

3.1.1 Introduction

Two-step deposition[30] is one of the main experimental techniques used to fabricate highly

efficient and stable PSCs [157, 158]. In this process, lead iodide (PbI2) is first deposited and

then converted to perovskite by adding halide salts of monovalent cations such as methy-

lammonium iodide (MAI) and formamidinium iodide (FAI)[29]. This process offers several

advantages for the industrial-scale fabrication[159–161] of larger modules over the single-step

spin-coating technology, which is limited to smaller devices. However when scaling up, main-

taining reproducible high performances and long-term stability is difficult. These problems

arise mainly from the lack of control over the fabrication process [162, 163]. Therefore, it is

essential to understand at the atomic level the mechanism of halide perovskites crystallization.

Among the several perovskites of interest, I study here the two-step fabrication of MAPbI3

and FAPbI3. The former is a well-studied system on which many experiments have been

performed. The latter FAPbI3, is a compound that in its α-FAPbI3 polymorph has several

attractive features like a ∼1.45 eV bandgap, high charge carrier mobility and superior thermal

stability. The practical application ofα-FAPbI3 has been hampered by the fact that theα-phase

is metastable and the thermodynamic phase transition requires high temperatures at ∼150◦C.

The main result of this paper is the discovery of a low temperature pathway to the fabrication

of α-FAPbI3. This has been made possible by a combined experimental and theoretical effort

that has uncovered the microscopic details of the crystallization process.

Previous experimental research [164–173] on MAPbI3 has revealed that the two-step process

occurs via intercalation of the MA+ cations in the PbI2 layers followed by a transformation

to the perovskite structure via intermediate phases. However, these experiments could not

resolve the nature of intermediate phases nor elucidate the underlying atomistic mechanism.

In order to fill in the details that experiments cannot resolve and obtain an understanding

of the microscopic transformation mechanism, I have performed a molecular dynamics

investigation. Since the time scale involved in the fabrication process is too large, we have

made use of an enhanced sampling technique. In particular, I have used WTMetaD. This

method allows simulating processes that take place on an extended time scale with affordable

computing resources.

In the following sections, I show that the picture of the initial intercalation followed by a

sequence of intermediates states is correct. I perform WTMetaD simulations and found that

transformation from the intercalated initial structure to the final perovskite arrangement

takes place via a sequence of intermediates. These theoretical results are in line with present

and past experiments [96, 174–177]. The highly satisfactory agreement between theory and

experiments in the case of MAPbI3 encouraged to investigate theoretically whether a similar

process was operational also for the much less studied α-FAPbI3. Simulations indeed discov-

ered that a two-step formation of α-FAPbI3 is possible at lower temperatures. We perform
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X-ray and thin-film experiments that confirmed the outcome of the simulations and enabled

the low-temperature formation of phase-pure α-FAPbI3 thin films.

3.1.2 WTmetaD simulations

To begin with, I start from the plausible hypothesis that monovalent cations (MA+) intercalate

between the edge-sharing layers of Pb-I octahedra in PbI2 (Fig. 3.1a) and form a quasi-2D

layered structure which is similar to the post-perovksite structure[178]. I manually construct

such a structure by placing MA+ ions in between the layers of PbI2 (Fig. 3.1b). The remaining

iodide (I-) from MAI is placed on the Pb-I octahedra to have a final charge-neutral layered

MAPbI3 structure. This model is based on experimentally reported intercalated PbI2 structures

[179, 180]. I verify the stability of this structure by carrying out a variable cell enthalpic

optimization with both classical MD simulations and DFT. From both techniques, I find that

the structure shown in Fig. 3.1b is stable. Details are presented in the Methods section.

MAI

PbI2 Intercalated structure

=

a b

c d e

Figure 3.1 – Phase transition via intermediate phases: Images a and b show the intercalation
process. Images (b) to (e) display the phase transition from quasi-2D intercalated structure
(b) to perovskite phase of MAPbI3 (e). Pb-I complexes are shown as golden polyhedra with
Pb2+ in the center and I- as dark orange balls on the corners. MA+ cations are shown with balls
and sticks with carbon as light blue, nitrogen as dark blue and hydrogens being white. Similar
structures have been observed for other materials such as MgSiO3, CsIrO3, AgTaS3, NaMgF3,
MgGeO3, UFeS3[178].
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Furthermore, calculate the powder diffraction pattern of the DFT relaxed intercalated structure.

I find that the first peak of PbI2 at ∼12.7◦ shifts to ∼11.4◦ for the intercalated structure, see Fig.

3.2. This observation is consistent with the previously reported XRD experiments on two-step

deposition [181].

Figure 3.2 – Simulated XRD spectra of intercalated phase and PbI2: Comparison of the first
peak of powder diffraction patterns of DFT-D3 optimized PbI2 and intercalated structure. We
use VESTA software to calculate the powder diffraction patterns.

I proceed with the WTmetaD simulations of the transformation of the intercalated MAPbI3

to the perovskite. I prepare two different size supercells of the intercalated structure with 32

and 108 formula units of MAPbI3, respectively. With these supercells, I perform WTMetaD

simulations as outlined in the Methods section. These simulations are done at different

temperatures ranging from 300 to 420K corresponding to typical experimental conditions. For

both supercells, I successfully observe the transformation of the starting quasi-2D layered

intermediate structure to the 3D corner-sharing perovskite. Interestingly, I find that the phase

transition from quasi-2D to 3D perovskite proceeds through distinct intermediary structures

as shown in Fig. 3.1a to Fig. 3.1e. This observation can be explained by Ostwald’s step

rule which states that metastable structures are formed as intermediate phases before the

formation of the thermodynamically stable phase. I also compute the free energy profile to

demonstrate the metastability of these intermediates as compared to final perovskite. Typical

free energy profiles are shown in Fig. 3.3 and Fig. 3.4. From these figures: one can see that

the intermediate phases are formed by rotating PbI6 octahedra over the planes of PbI2 (along
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the axis of the Pb-Pb edge-shared octahedra). This is a general pathway to the formation of

intermediate structures. In the larger supercell more PbI6 octahedra are required to rotate for

complete formation of the perovskite structure which leads to formation of more intermediate

phases.
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Figure 3.3 – Free energy profile for smaller supercell: Free energy profile between intermedi-
ate phase and full perovskite structure for smaller supercell. The error bars show the standard
error of the free energy difference at each CV value in the final free energy profile.

Figure 3.4 – Free energy profile for larger supercell: Free energy profile between intermediate
phase and full perovskite structure for larger supercell. The error bars show the standard error
of the free energy difference at each CV value in the final free energy profile.
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I quantify this with the evolution of the first peak (q ≈ 10 nm-1 = 2Θ ≈ 14.1◦) of the Debye

structure factor (SPb1) of Pb2+ ions in cubic perovskites, detailed in the Methods section. Fig.

3.5 shows the evolution of SPb1 for the larger supercell while results for the smaller supercell

are shown in Fig. 3.6.

Figure 3.5 – Structure factor for larger cell: Evolution of first peak of structure factor of Pb2+

ions (SPb1) with WTmetaD simulation at 370K. Inset is a zoom of SPb1 for the first transition
from quasi-2D to 3D.

Moreover, I further explore the free energy landscape and find a variety of different polymor-

phic structures. I outline all of the observed phases in Fig. 3.7. By performing variable cell

enthalpic optimization with DFT, we find that all of the structures are stable. This polymorphic

behavior in halide perovskites is related to the existing polytypism in PbI2[182, 183], which

also gives rise to these intermediates in crystallization. Many of these polymorphs have a high

probability of forming during crystallization of other halide perovskite systems and some of

these structures have been already identified experimentally.[174–177]

Encouraged by the results for MAPbI3, I proceed to study the phase transition of FAPbI3. Here,

the main practical challenge is to find the possible pathways for crystallization of the pure

samples of the photoactive α phase. I attempt to solve this problem by first performing simu-

lations and then experiments based on insights from the simulations. I carry out simulations

similar to the above reported approach for MAPbI3. First, I construct a quasi-2D PbI2 structure

intercalated with FA+, similar to the structure in Fig. 3.1b.

42



Phase transitions in the two-step process Chapter 3

Figure 3.6 – Structure factor for smaller supercell: Here we show metadynamics time evolu-
tion of first peak of structure factor for Pb2+ ions with their corresponding observed structures.
Pb-I complexes are shown as blue polyhedra with Pb2+ in the center and I- on the corners. I- is
shown as pink spheres. To guide eyes, monovalent cations are represented with green spheres.

a b c

d fe

Figure 3.7 – Different polymorphs: Pb-I complexes are shown as golden polyhedra with Pb2+

in the center and I- on the corners. Free I- is shown as pink spheres. MA+ and FA+ cations
are shown with ball and sticks with carbon as light blue, nitrogen as dark blue and hydrogens
being white.
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I depict this structure in Fig. 3.8b. I perform WTMetaD simulations of two different size

supercells of FAPbI3, again, as in the case of MAPbI3, in both cases, I successfully observe the

phase transition to the perovskite structure of FAPbI3. Remarkably, these simulations reveal a

direct path (from the intercalated PbI2) to the formation of the metastable phase of α-FAPbI3

without the need for a high-temperature induced transformation via the δ phase. In particular,

these findings suggest that α-FAPbI3 can be formed at lower temperatures from an initial

quasi-2D structure.

Figure 3.8 – Illustration of crystal structures from two-step FAPbI3 simulations: Figure (a) is
the crystal structure of PbI2 (b) shows intercalated structure (c and d) are the crystal structures
of FAPbI3 perovskite oriented at 35◦ and 90◦, respectively.
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3.1.3 Experiments

Figure 3.9 – XRD spectra of FAPbI3 samples at room temperature: Top panel is the XRD
spectrum of PbI2 deposited film and bottom panel shows the corresponding data after the FAI
loaded onto PbI2 at room temperature

Now we test our simulation results against the experiments. We directly attempt sequential

deposition of α-FAPbI3 at room temperature. First, we deposit a layer of PbI2 and directly

dip it in FAI solution. XRD measurements on this film (Fig. 3.9), show that PbI2 is partially

converted to α-FAPbI3. I expect this from insufficient diffusion of large FA+ cations in a highly

compact PbI2 film. I design a computational experiment to explain this observation. I remove

parts of FAI from the FAI-intercalated PbI2 and perform DFT based variable-cell enthalpic

relaxation of this structure. I observe that FAI removed pieces of intercalated structure turn

into face-sharing Pb-I octahedra, thus forming characteristic motives of the δ-FAPbI3. I depict

this whole process in Fig. 3.10

We further scrutinize our simulations and compare the orientational changes in the metady-

namics trajectory with in-situ GIWAXS data. During the initial stage of the phase transition

from PbI2 to perovskite structure, GIWAXS experimental results in the published article [184]
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Figure 3.10 – From edge-sharing to face-sharing: This figure shows that removing FAI from
the intercalated structure leads to the formation of face-sharing octahedra. Left figure is the
DFT relaxed intercalated structures and right hand side shows the DFT relaxed structure after
removal of one stoichiometric unit of FAI.

Figure 3.11 – Analysis of WTmetaD trajectories: This figure shows the angle between 001
plane of PbI2 and metadynamics trajectory of the formation of 100 plane α-FAPbI3.
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show that the first perovskite Bragg reflection (001 in cubic notation, 002/110 in tetragonal

notation) is oriented at a polar angle of ∼ 35◦, defining 0◦ as the horizontal plane direction of

001-PbI2. This orientation corresponds to the 111 plane (cubic notation) being parallel to the

substrate plane. Similar to these experiments, I calculate the initial orientation of perovskite

structure in our simulations. I take 0◦ as the horizontal plane direction of 001-PbI2 intercalated

structure. I find a similar tilt of ∼ 35◦ of the 001 plane. A pictorial representation of this whole

process is shown in Fig. 3.8 and Fig. 3.11. We conclude that our simulations are consistent

with experimental observations, since the orientational changes of the structure during the

crystallization are well reproduced.

3.1.4 Thin-film experiments on formation of phase-pure α-FAPbI3

In this section, we aim to utilize the above-presented insights to make phase pure thin-films

of α-FAPbI3. Based on the intercalation of monovalent cations, we expect that the formation

of FAPbI3 would strongly depend on the microstructure of initially deposited PbI2 thin films.

To understand this effect, we design three different experiments with tailored crystallinity

and porosity of PbI2. Experimental details are provided in the Methods section. Fig. 3.12a,

Fig. 3.12b, and Fig. 3.12c are scanning electron microscopy (SEM) images of the three PbI2

films, showing the top-view surface morphologies. The porosity of these films is in increasing

order from first to third. From Fig. 3.12c, one can see that the third film is highly porous

compared to the others. Next, we use only FAI and perform an identical sequential deposition

procedure for their conversion to FAbI3, see experimental details in the Methods section. Fig.

3.12d, Fig. 3.12e, and Fig. 3.12f show the XRD patterns of the final FAPbI3 films. We observe

the formation of cubic(α)-phase of FAPbI3 in all cases. However, we find that the significant

amounts of unconverted PbI2 are present in the first two cases (Fig. 3.12d and Fig. 3.12e),

whereas conversion to FAPbI3 from a highly porous film (the third case) does not contain any

detectable amount of PbI2 and δ-FAPbI3, evident from Fig. 3.12f. From this study, we can

conclude that a highly porous thin-film of PbI2 leads to the formation of a kinetically stable

phase-pure α-FAPbI3. We calculate the kinetic barrier between α-FAPbI3 and δ-FAPbI3. These

simulations are explained in the next section of this chapter.
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Figure 3.12 – Thin-film experiments of sequential deposition of FAPbI3: Figures (a) to (c) are
the SEM images showing the surface topography and figures (d) to (e) are the corresponding
XRD spectra of thin-films before and after conversion to FAPbI3

3.1.5 Discussion

I point out that the phase transition from a quasi-2D to 3D perovskite structure via rotation of

PbI6 octahedra is a general pathway to form the perovskite structure. This theoretical result

can be useful as such a quasi-2D phase can be tailored with additives to synthesize high-quality

and stable α-FAPbI3. One example are anion additives such as cloride, which is widely known

48



Phase transitions in the two-step process Chapter 3

to modify the crystallization process and has become a commonly used additive to make

high efficiency α-FAPbI3 based solar cells. Recent XRD[185] and cryo-electron microscopy

(cryo-EM)[186] experiments have shown that chloride induces a quasi-2D like intermediate

phase which can help in nucleation of α-FAPbI3. Therefore, the current theoretical approach

presented here can be applied to unravel the effects of different additives. Moreover, the

reverse phase transition from 3D to quasi-2D might also be present during degradation

leading to PbI2.

3.1.6 Conclusions

By using WTmetaD, I explore the phase transition paths in the two-step deposition of halide

perovskites. Combining simulations and experiments, we reveal the intricate details of the

phase transition of MAPbI3 and FAPbI3. I find a low temperature crystallization pathway

for the α-FAPbI3. Our combined experimental and simulation study will help in designing

better industrial scale processing techniques for MAPbI3 and FAPbI3. In the end, I point

out that other Raman studies[180, 187] have also demonstrated the PbI2 intercalation with

other organic molecules such as ammonia, ethylamine (C2H5NH2), butylamine (C4H9NH2),

and even larger ones such as cyclohexenyl ethyl ammonium (C6H9C2H4NH3
+). Therefore,

combined experimental and simulations study can be extended to study the formation of

other systems such as lower-dimensional (2D) perovskites as well.

3.1.7 Methods

I use a fixed point charge model for MAPbI3 [188] with 1.0 nm cutoff for nonbonded interac-

tions. I take the PbI2 parameters from this force field and prepare the force fields for FAPbI3 by

mixing rules. In variable cell isothermal-isobaric simulations, this force fields gives stable delta

and cubic phases and can also reproduce all other experimentally known 4H and 6H polytypes

of FAPbI3. Electrostatics are treated with the particle-particle-particle-mesh Ewald method

and the SHAKE algorithm[189] is used to constrain covalent bonds to hydrogen. All systems

are simulated with the Large-scale Atomic/Molecular Massively Parallel Simulator(LAMMPS)

code (31 Mar 2017)[127]. I first minimize all systems with a conjugate gradient algorithm

keeping a tolerance of maximum force of 10-3 kcal/molA. After minimization, I perform a

100ps NVT equilibration run. All production run simulations presented in this work were

carried out in the isothermal-isobaric ensemble with a velocity re-scaling thermostat [128] of

relaxation time 0.1 ps and a Parrinello-Rahman barostat [129]. All WTmetaD simulations are

performed with PLUMED 2.4 [130].

DFT calculations

I use Quantum Espresso [156] for geometry optimization with Generalized Gradient Approx-

imation (GGA) of Kohn-Sham DFT, namely the Perdew-Burke-Ernzerhof (PBE) functional
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[141] with Grimme-D3[142] dispersion corrections for van der Waals interactions. In all DFT

calculations, I use ultra-soft pseudo-potentials with a plane wave basis set of 60 Ry kinetic

energy cutoff and 480 Ry density cutoff.

Collective variables

In this study I use an experimentally measurable quantity, the structure factor [190] as a

collective variable (CV). In particular we employ the Debye form [191] of structure factor (S(q)):

S(q) = 1+ 1

N

N∑
i =1

N∑
j 6=i

si n(qr ij)

qr ij
(3.1)

In this equation the sum is done over neighbors of atom i which are contained in a sphere

of radius rc . As previously done a damping function is added to remove the termination

effects from a finite cutoff. Further details are provided in reference[190]. Contrary to previous

applications, perovskites are multi-component systems. In order to deal with this, I use a

linear combination of the first two peaks of the structure factors of individual species Pb2+

and MA+, as shown in Fig. 3.13. I design this strategy based on two main factors: (a) Pb2+

are the heaviest atoms and contribute most to XRD spectra and (b) our previous simulations

[192] have revealed that the monovalent cations (MA+ and FA+) play an important role in the

crystallization process of halide perovskite. Furthermore, these are also the peaks which are

assigned to identify perovskite formation in GIWAXS experiments, see Fig. 4. MA+ and FA+

cations are represented with the center of C-N bond similar to our previous study [192].

CV = SPb1 +SPb2 +SMA1 +SMA2 (3.2)
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Figure 3.13 – Calculated structure factor from Equation 3.1: Debye structure factor of Pb2+

ions in cubic phase of MAPbI3. MA+ have a similar profile due to the symmetry of the cubic
phase.
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I use this CV to perform the phase transition from the quasi-2D phase to 3D-perovskite. In

this study, I have focused on the phase transition of halide perovskites. A similar methodology

can also be used to study the phase transitions in many other perovskites systems such as

MgSiO3[193] which is important for earth seismic activities and perovskite solid electrolytes

which are promising materials for next-generation Li+ ion solid-state batteries [194].

Dipping experiments on FAPbI3

For FAPbI3 samples, 1.3M PbI2 solution (DMF:DMSO = 9:1) was spin coated at a speed of

2000 rpm/min for 30 seconds. Then, the PbI2 layer was annealed at 70 degree C for 1 minute.

After that, the PbI2 layer was dipped inside a isopropanol(IPA) solution of FAI (20 mg/mL).

XRD data is measured in the Bragg-Brentano geometry using a Bruker D8 Advance powder

X-ray diffractometer. The setup has Cu Kα (λ= 1.54Å) radiation and operates in reflection,

theta-theta mode (fixed sample) with a 2D strip detector. A beam mask of 1cm was chosen to

suitably irradiate the films being measured. A step size of 0.01◦ was used for measurement

and time/step was 0.15s. All results are presented in Fig. S10.

FAPbI3 thin-film experiments:

Substrate preparation: Fluorine-doped tin oxide (FTO)-glass substrates (TCO glass, NSG 10,

Nippon sheet glass, Japan) were cleaned by ultrasonication in Hellmanex (2%, deionized wa-

ter), rinsed thoroughly with de-ionized water and ethanol, and then treated in oxygen plasma

for 15 min. A 30 nm blocking layer (TiO2) was deposited on the cleaned FTO by spray pyrolysis

at 450 ◦C using a commercial titanium diisopropoxide bis(acetylacetonate) solution (75% in

2-propanol, Sigma-Aldrich) diluted in anhydrous ethanol (1:9 volume ratio) as precursor and

oxygen as a carrier gas. A mesoporous TiO2 layer was deposited by spin-coating a diluted

paste in ethanol (1:8.5 wt. ratio) (Dyesol 30NRD: ethanol) (3000 rpm, acceleration 2000 rpm

for 20 s) onto the substrate containing TiO2 compact layer, and then sintered at 450 ◦C for 30

min in dry air.

Fabrication of perovskite films: Two stock solutions of 1.15 M PbI2 were dissolved in 1mL

DMF and DMF/DMSO (1ml of DMF and 100 l of DMSO) respectively, and then stirred at 70
◦C for 12 h. Next, these solutions were spin-coated on FTO/c-TiO2/meso-TiO2 substrate at

4000 r.p.m. for 45 s and then heated at 80 ◦C for 3-5 min to remove the solvents. After cooling

down, the FAI (60mg) dissolved in 1 mL of IPA was spin-coated on top of the PbI2 while the

one dissolved in DMF or DMF/DMSO at 2500 r.p.m. for 45 s followed by annealing at 80 ◦C for

40 min. In case of the effect of DMF/DMSO with IPA, first after cooling down the substrate

(PbI2 dissolved in DMF/DMSO), IPA solution was held on the substrate for 1 min without any

further post-annealing and after that, the film was spin-coated at 4000 r.p.m. for 45 s [195,

196]. Next, the FAI was spin coating 2500 r.p.m. for 45 s followed by annealing at 80 ◦C for 40

min.
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3.2 Two-step phase transition from δ-FAPbI3 to α-FAPbI3 via vapor

treatment

Obtaining highly crystalline, stable, and pure α-phase FAPbI3 films are of vital importance.

However, FAPbI3 undergoes a phase transition from the black α-phase to the photoinactive δ-

phase below 150◦C. In this two-step process [74] deposition method, first equimolar mixtures

of FAI and PbI2 are mixed together to make yellow δ-FAPbI3 film and then surface vapor

treatment is used to convert δ-FAPbI3 to the desired pure α-phase below the thermodynamic

phase-transition temperature. We perform molecular simulations and layout the atomic level

mechanism of the formation and stabilization of α-FAPbI3.

3.2.1 Introduction

α-FAPbI3 perovskite could be an ideal candidate for efficient and stable PSCs. Unfortunately,

a photoinactive δ-FAPbI3 is the most stable phase at room temperature, and the crystallinity

of FAPbI3 film is normally poor even after high-temperature annealing. To avoid formation of

the δ-phase and to improve crystallinity, various compositions have been developed. To this

end, various additives of alkali metals (K+, Rb+, Cs+) [197–199] and halides (Br-, I-)[200–203]

were introduced as alloying recipes to make mixed-cation/anion α-phase PSCs. However,

mixing results in unwanted blue shift in the light absorption and under long-term continuous

illumination, different halides (Br-, I-) and cations (Cs+, FA+) can irreversibly segregate [43, 48]

in their respective δ phases. Furthermore, MA+ is thermally unstable [204], therefore mixing

strategies may be unfavorable for long-term operational stability.

In contrast to the previous mixing strategies, manipulation of surface energy has been reported

to stabilize perovskite phases and modify the grain growth orientations [205, 206]. Motivated by

these promising strategies of surface energy manipulations and recent work using polyiodide

vapor for scalable perovskites [69], experimental collaborators developed a vapor treatment

method for preparing efficient and stable α-FAPbI3 PSCs.

In this two-step process, a thin-layer of δ-FAPbI3 is deposited first, and after that methylammo-

nium thiocyanate (MASCN) or formamidinium thiocyanate (FASCN) vapor treatment is used

to convert δ-FAPbI3 to the desired pure α-phase below its thermodynamical phase-transition

temperature, meaning significantly below 150◦C, see Fig. 3.14.
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Figure 3.14 – A schematics of experiment and simulations of phase transition from δ-
FAPbI3 to α-FAPbI3

3.2.2 Results

Figure 3.15 – Simulation setup of classical MD: A large slab of δ-FAPbI3 with MA+ and SCN-

on top. This image was generated with Visual Molecular Dynamics (VMD). Pb-I octahedra are
shown with golden color with iodide as orange balls at the corners of the octahedra. FA+, MA+,
and SCN- ions are shown with balls and sticks representation. Nitrogen is dark blue, carbon is
light blue, hydrogen is white, and sulfur is yellow.
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I performed MD simulations to gain insights into the vapor treatment process (see Fig. 3.15).

I perform large scale classical MD simulation and small scale DFT based ab-initio MD. All

details are provided in the methods sections. I find that the SCN– ions on the surface of

δ-FAPbI3 do not diffuse inside the face-sharing structure of δ-FAPbI3 but remain at the surface.

Because of their strong affinity to Pb2+ ions, SCN– anions coordinate to Pb2+ on the surface of

δ-FAPbI3. In particular, Pb2+ ions are coordinated with the sulfur atoms of SCN– (Fig. 3.16)

strongly enough that the SCN– ions displace the iodides. This process disintegrates the top

layer of face-sharing octahedra and induces the transition to the corner-sharing architecture

of α-FAPbI3.

(a)

(b)

Figure 3.16 – Top view of the adsorption of SCN- ions on top of δ-FAPbI3: (a) Top view of
the simulations. (b) A zoomed-in version of a small part of the top view to clearly show the
adsorption of SCN- ions on top.
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Furthermore, the disruption of the topmost surface layer with SCN– ions also helps the

penetration of monovalent cations (MA+, FA+) into the PbI6 chains of δ-FAPbI3, which further

helps the growth of α-FAPbI3, in agreement with the solid-state NMR analysis [74].

I investigated the successive rearrangement of ions at the surface of δ-FAPbI3. Some parts of

face-sharing octahedra on the interface start to form corner-sharing Pb-I-SCN structures. With

the addition of extra SCN– ions, corner-sharing structures, which contain mixtures of SCN–

ions and iodides, are formed and stabilized. The atomic view of this whole transformation

from face-sharing to corner-sharing octahedra is shown in Fig. 3.17 Further analysis reveals

that the conversion of the face-sharing structure proceeds through the formation of edge-

sharing intermediates. This results mainly from the step-by-step addition of SCN– ions around

the Pb2+ ions. In the first chapter, I have also shown the formation of such intermediate

structures before conversion to perovskites [192]. Some domains of the mixed-corner and

face-sharing structures formed during the simulation, and I found that SCN– ions could also

induce the formation of polytypes at the interface.

I observed the formation of localized structures similar to the well-known 4H polytypes of

FAPbI3 (Fig. A.9). We also generated a model of a periodic structure of 4H polytype with

iodides replaced by SCN– and found that this structure remained stable after variable cell

first-principles DFT optimization (see the Methods section). From these simulations, I can

conclude that SCN– ions drive and stabilize the formation of corner-sharing structures upon

contact formation with MASCN/FASCN, which in turn triggers the conversion to α-FAPbI3.

This process can occur below the thermodynamic phase-transition temperature. A further

illustration of the δ to α-phase transition by SCN– ions from the surface to the bulk is shown

in Fig. 3.18.

(a) (b)

Figure 3.17 – MD simulations showing a structural conversion: Representative snapshots
from the MD simulations showing a structural conversion of (A) the initial face-sharing
octahedra and (B) the corner-sharing octahedra. Pb-I octahedra are shown in green; iodide is
shown as orange balls on corners. To highlight the structural transformation, red was chosen
for octahedra on the interface. FA+ and MA+ ions are not shown for clarity. Selected SCN– ions
are shown as ball and stick representations: sulfur is yellow, carbon is light blue, and nitrogen
is dark blue (the other SCN– ions are not shown for clarity).
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Figure 3.18 – Illustration of a possible phase transition path induced by SCN- anions:(a)
δ-phase FAPbI3 structure. The mixtures of δ and α-phases of FAPbI3 with the increasing
number of corner-sharing structures from (b) to (e). (f) α-phase FAPbI3 structure. SCN- ions
are adsorbed on the top of the respective structures. Pb2+ octahedra are portrayed with light
blue colour with iodide as pink balls on corners. FA+ and SCN- ions are represented with balls
and sticks representation. All the images were generated with the VESTA software.

3.2.3 Kinetic stability of α-FAPbI3

Experiments show that once a film of the yellow phase was converted to a highly crystalline

black α-phase by vapor exposure of MASCN/FASCN at 100◦C, it retained this structure after

500 hours at 85◦C. Solar cells fabricated with this material had a power conversion efficiency

of more than 23% [74]. After 500 hours under maximum power tracking and a period of dark

recovery, 94% of the original efficiency was retained.

The fundamental question arises that why the phase pure α-FAPbI3 based solar cells are stable

and do not degrade or transform back to thermodynamically stable δ-phase during operation

and even at 85◦C. We first hypothesized that the phase pure α-FAPbI3 is a kinetically stable
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structure. To prove this hypothesis I performed molecular simulations to calculate the energy

barrier between these two polymoprhs of FAPbI3.

At first, I identified a possible phase transition pathway between δ and α-phase of FAPbI3. I

constructed a 288 atoms super-cell of δ-phase and explored the phase space between δ and

α-phases of FAPbI3 by performing classical MD simulations at different temperatures and

pressures. I successfully observe the phase transition going from face-sharing to edge-sharing

to corner-sharing structures. I also find that the increasing pressure could break face-sharing

octahedra and help in transformation towards increasing corner-sharing structures. This is

also demonstrated by recent experiments [207]. To calculate the potential energy landscape

of this transition pathway, I performed first-principles DFT calculations for each structure,

detailed in the methods section. The final energy profile along this path could provide a good

estimate of the possible height of the energy barrier involved in the transition between the

two phases.

My calculations show that the reverse phase transition from α to δ-phase is restrained by a

high potential energy barrier of ≈ 0.7 eV/f.u., see Fig. 3.19. Therefore, we prove that once the

phase-pure α-phase FAPbI3 is formed, it remains kinetically arrested in its α form. This is also

demonstrated by different experiments[208], where crystallized α-FAPbI3 was shown to be sta-

ble in black phase. Furthermore, Peidong Yang and co-workers [209] performed experiments

to calculate the energy barrier between polymorphs of different halide perovskites. They use

in-situ optical imaging and quantitatively calculated the rates of phase propagation while

heating the δ-FAPbI3 nanowires at different temperatures. Using plot fitting with Arrhenius

equation, they calculate the activation energy barrier height going from δ to α-FAPbI3 to be ≈
0.84 ± 0.25 eV/f.u. [209]. Therefore, my calculations presented in Fig. 3.19 are in substantial

agreement with experiments.

An interesting observation was noticed in these experiments: a large blue-shift in the pho-

toluminescence (PL) peak (∼38 meV) at the low-temperature/high-temperature two-phase

interface of partially transformed FAPbI3 nanowire. This observation is again of high practical

relevance as such phase transition could be present in many experimental recipes to make

FAPbI3 based PSCs. From this, I move to another fundamental question that why a direct

conversion (no vapor treatment, only by heating >150 ◦) of δ to α-phase always results in

lower device efficiencies. To understand this, I explore possible polymorphs of FAPbI3 that

could form while heating δ to α-phases. For this, I extracted different structures from the

phase transition trajectory obtained from above mentioned classical MD simulations. These

structure were relaxed at DFT level by performing variable cell enthalpic optimization. Some

of the relaxed structures are shown in Fig. 3.19. I find that many of these phases relaxed

into well defined periodic structures, made of mixed layers of edge/face-sharing and corner-

sharing octahedra. These are very similar to the commonly known hexagonal stacking faults

that are observed during a typical phase transition from hexagonal to cubic phases. In the

end, I hypothesize that these stacking faults/polytypes are responsible for the large blueshifts

observed in these phase-transition experiments and might remain in the bulk even after ex-
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cessive heating. I note here that this remains an open question and needs further experiments

and theoretical calculations.

Figure 3.19 – Energy diagram along a transition from δ-FAPbI3 and α-FAPbI3: Each point
on the energy plot represent a different DFT optimized structure along the path. A Gaussian
fit of these points is included as guide to the eyes. For better visualization of the pathway, we
have illustrated some of the intermediate phases. Pb-I octahedra are represented with light
green colour with iodide on corners with pink balls. FA+ cations are shown with ball and sticks
representation.

3.2.4 Methods

Classical MD simulations

I constructed a large supercell of δ-phase FAPbI3 with 28800 atoms (2400 stoichiometric

units of FAPbI3). To perform molecular dynamics (MD) simulations of FAPbI3, I followed a

similar procedure as used in our previous work [210]. Polytypes play an important role in

crystallization of FAPbI3 [96]. Therefore, I also upgraded the previously used force field to

be able to simulate all the experimentally known polytypes (2H, 4H, 6H and 3C) of FAPbI3.

At first, I equilibrated this supercell by performing 10 ns variable-cell isothermal-isobaric

simulations at 370 K. Next, I exposed this supercell to MA+ and SCN- ions. With this set-up, I

again performed an equilibrium run for 2 ns in isothermal-isobaric ensemble at 370 K with

a force field for SCN- ions available from literature [211]. Interaction parameters between

different heterogeneous species were calculated with mixing rules. All production runs were

performed in isothermal-isobaric ensemble ranging from 20-100 ns. All simulations were
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performed with the Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)

code (31 Mar 2017) ([127]). I used a 1.0 nm cutoff for nonbonded interactions, SHAKE for

constraints and particle-particle-particle-mesh Ewald for electrostatic interactions. I used a

velocity rescaling thermostat ([128]) with a relaxation time of 0.1 ps and a Parrinello-Rahman

barostat ([129]) to keep the pressure at atmospheric pressure with a relaxation time of 10 ps.

DFT calculations of 4H and 2H polytype with SCN-

First, I replaced up to 50% I- with SCN- ions in the 2H (δ-phase) and 4H-FAPbI3 crystal struc-

tures ([96]). Then, I performed variable cell first-principles DFT calculations of these structures

with Generalized Gradient Approximation in the Perdew-Burke-Ernzerhof formulation revised

for solids (PBEsol)[212]. I used Quantum Espresso [156] with ultra-soft pseudo-potentials

for valence-core electron interactions with a plane wave basis set of 60 Ry kinetic energy

cutoff and 420 Ry density cutoff. The Brillouin zone was sampled by a 2x2x2 k-points grid for

192 atoms supercell of 4H-FAPbI3. The optimized structure is shown in Appendix. All DFT

calculations for the energy barrier used Perdew-Burke-Ernzerhof (PBE) [141] functional with

D3-vdW [142] dispersion corrections. The Brillouin zone was sampled by a 3×3×2 k-points

grid for 288 atoms (24 f.u.) supercell of α-FAPbI3 and equivalent for other structures.

Figure 3.20 – Configuration for the δ-FAPbI3 with SCN- on top: (a) The starting configuration
(at t=0) and (b) the configuration at t = ∼10 ps for the δ-FAPbI3 with SCN- on top. We show the
dimensions of the supercell to display the empty space used to treat the SCN- ions as vapor
between periodic slabs. Pb2+ ions and octahedron are shown with blue colour with iodide as
light pink balls. FA+ and SCN- ions are shown with balls and sticks representation.

59



Chapter 3 Phase transitions in the two-step process

Ab-initio MD of SCN- vapor on δ-phase

An initial configuration, as depicted in Fig. 3.20 was created by putting 14 SCN- ions in

a box with a 192 atoms supercell of δ-phase FAPbI3. Constant temperature and constant

volume Born-Oppenheimer MD simulations were performed with the CP2K package [145,

146]. We used a time step of 1fs and a Nose-Hoover chains [147–149] for temperature control.

I performed BOMD simulations at two different temperatures: 300 and 400 K. All simulations

used DFT at the PBE+D3 [141, 142] level with double-zeta basis sets (DZVP-MOLOPT for Pb,

I, S, C, N, H) [143] and Goedecker-Teter-Hutter (GTH) pseudopotentials [144] with 560 Ry

density cutoff.
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4.1 Introduction

Stability is one of the main problems in the field of halide perovskites. Several external factors

can affect their stability; however, the most commonly known issues are humidity and bulk

defects. Molecular additives are often used to resolve these issues by passivating the surface of

perovskite crystals to eliminate ionic defects and protect PSCs from water. However, different

molecular additives can have different electronic and physical properties, which can also harm

PSCs performance. To solve this issue in advance, one can perform first-principles calculations

to understand the structural and electronic properties. However, to perform such calculations

to build any atomic level understanding, one has to know the molecular/crystal structure of

the system. Many of the molecular additives are expected to form low-dimensional perovskite

structures. Although experimental techniques such as X-ray diffraction, electron microscopy,

NMR crystallography are well suited to obtain crystal structures, however in most cases, these

techniques require single crystals. Synthesis of single crystals of low-dimensional perovskites

could be a formidable task. Moreover, experimental methods are limited for screening a wide

range of complex molecular additives. Molecular simulations can help and assist experiments

in solving this problem. In this chapter, I describe the structure prediction of low-dimensional

halide perovskites. We validate the predicted structures by comparing their physical properties

with the available experimental data.

4.2 Structure prediction with constraints

I start with the assumption that molecular additives would form typically known structures of

quasi-2D halide perovskites of the Ruddlesden-Popper(RP)[213] or Dion-Jacobson (DJ)[214,

215]. Therefore, my approach is confined to finding ligands’ most stable RP or DJ configuration

between the layers of corner-sharing Pb-I octahedra. As a general procedure, I always start

from an approximate DJ structure of n=1 composition, with the well-aligned inorganic slabs of

corner-sharing Pb-I octahedra (with PbI2-
4 stoichiometry). Then I place the molecular additives

(cations) between these layers with the ammonium sites in A-cation cavities similar to reported

experimentally determined crystal structures [216]. Afterward, I optimize this structure in two

steps: first, I perform classical MD simulations with increasing temperatures up to 500K, as

described in the Appendix. During this step, if I observe that the structures do not remain

in a perovskite-like corner-sharing geometry, I discard this configuration and build another

structure with a different arrangement of organic molecules. This new geometry is consistently

built from the information obtained from failed simulations. Once a stable structure is found

from this trial and error technique, I perform variable-cell DFT optimization to get the final

structure for the low-dimensional perovskite. In the end, I verified the simulated structures

by comparing their physical and electronic properties with the experimental data. In the

following sections, I describe this process for different organic molecules.
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4.3 Guanine-based low-dimensional halide perovskite

In this project [210], guanine (G) was used as a molecular additive to stabilize FAPbI3 based

solar cells. Molecular simulations were employed to gain insights into a possible structural

model compared with the experimental findings. I start from an approximate Dion-Jacobson

(DJ) structure of n=1 composition, with well-aligned inorganic slabs (G2PbI4; Fig. A.10a).

In a first attempt, guanine cations were arranged parallel with ammonium sites in A-cation

cavities. To optimize this structure, I first performed classical MD simulations, as described

in the Appendix. We find that the optimized structure adopts an edge-sharing geometry

(Fig. A.10d). In this arrangement of guanine cations, oxygen atoms display a propensity for

hydrogen bonding with the ammonium groups of adjacent guanine cations. This can lead to

rearrangements of guanine cations that prevent the final configuration from remaining a stable

perovskite structure. Thus, I discarded this simulation and analyzed the alternative one where

oxygen atoms of guanine cations are positioned next to other possible hydrogen bonding sites

of adjacent guanine cations (Fig. A.11a,b). Again, I perform classical MD simulations and find

that this structure shows a high level of instability (Fig. A.11d) and is therefore not likely to

occur in experiments. I build another structure with the same aim to keep the oxygen atoms

away from ammonium groups. I optimize the structure, but also in this case we end up in a

distorted structure (Fig. A.12d).

From the second and third attempts, I found that the structures go through a transient phase

with guanine cations overlapping with each other (Fig. A.11b,c). This could be due to π-

π interaction between guanine cations. Moreover, π-π interactions are known to play an

important role in both structural and electronic properties in guanine-containing compounds.

Based on these simulations, I build another structure that appropriately accommodates

hydrogen bonding and π-π interactions between guanine cations. The supercell of such a

structure is shown in Fig. 4.1 for n=1 and Fig. A.13 for n=2. I perform simulations to optimize

these structures and find that the optimized structure forms a stable layered 2D perovskite

configuration. The optimized structures are shown in Fig. 4.1c,d (n=1) and Fig. A.13c (n=2). I

observe strongly bonded and highly rigid layers of guanine cations in the low-dimensional

structure with this configuration.

4.3.1 Proton transfer

In the previous section, we have predicted a possible structure of G2FAn-1PbnI3n+1. The

corresponding structures were later optimized with electronic structure methods based on

DFT. We use a smaller cell size as the number of atoms limits electronic structure calculations.

Further details are presented in the Appendix. I find that the DFT optimized structures remain

in the same configuration as those obtained from classical MD simulations. The optimized

structures are shown in Fig. A.14 for n=1 and Fig. A.15for n=2. During relaxation for n=1,

interestingly, I observe that a proton transfer occurs in one of the layers of guanine cations.

The whole process is depicted in Fig. 4.2. This process leads to the formation of two different
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tautomers (shown in Fig. A.16) of guanine cations in the same structure. One of the important

facts is that tautomerization happens during geometry optimization, highlighting the fact that

there is no energy barrier to the formation of these tautomers.

  

b

a c

d

e

f

Figure 4.1 – Predicted structures: Images (a) and (b) are front and side view of an initially
estimated supercell for n=1. (c) and (d) show the front and side view of final structure. (e) and
(f) illustrate the structure and hydrogen bonding of guanine molecules in the final structure.
Lead (Pb2+) ions are shown with golden balls, iodide (I-) ions are displayed with pink spheres.
Pb-I polyhedra are displayed in golden color. Guanine ions are illustrated with balls and sticks.

This insight leads to vital information that these tautomers and their derivatives can also be

present during the crystallization of these structures and will play an essential role in the

evolution of the final structure. There is another insight emerging from these simulations. I

see a chain of simultaneous proton transport at the ends of guanine cations. This result may

suggest that guanine cations might have long-range charge transport properties, improving

the charge transport properties of low-dimensional lead halide perovskites. However, this has

to be addressed with further in-depth experiments and simulations.

I assessed these possible G2PbI4 and G2FAPb2I7 configurations by comparing them to the

experimental findings from experimental collaborators. First, the structural properties of

the resulting system matched well the molecular dimensions (0.74nm) revealed by both the
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TEM and XRD measurements [210]. Moreover, DFT calculations of the structures suggested

that proton transfer occurs between the molecules in the spacer layer, which supports the

existence of multiple tautomeric forms (observed in ssNMR experiments). In this fashion, the

G-based spacer layer might affect proton transfer along with providing enhanced transport for

electronic charge carriers.
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Figure 4.2 – Full pathway of proton transfer in n=1: (a) shows the initial configuration. Image
(b) is the snapshot where hydrogens are shared between guanine molecules. (c) and (d) are
the zoomed imaged from (a) and (b) respectively. Snapshot (e) is the final optimized geometry
and illustrate that hydrogens are transferred

4.4 1,4-phenylenedimethanammonium (PDMA)

Here, the structure and physical properties of low-dimensional halide perovskites featuring

(PDMA)FAn–1PbnI3n+1 (n = 1–3)[217] formulations are unraveled. In the case of small aromatic

bifunctional spacers, a DJ type of structure is envisaged [216]. I start from an initially built DJ

structure of (PDMA)FAn–1PbnI3n+1 composition (n = 1) by appropriately placing the ligands in

between layers of corner-sharing Pb–I octahedra. While equilibrating the structure, I observe

a structural transition to something that appears to be a mixture of DJ and RP structures. I find

that the mixed-phase persists at room temperature. However, the structure transforms to DJ
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when we heat the system up to higher temperatures > 350 K (as shown in Fig. 4.3). I note here

that the predicted structure is in good agreement with the XRD and ss-NMR experimental

data.

Figure 4.3 – Change in structure with increasing temperature: Image on the left is the initial
geometry, middle one is the intermediate phase and image on the right is the final relaxed
structure. Lead (Pb2+) ions are shown with golden balls, iodide (I-) ions are displayed with
pink spheres. Pb-I octahedra are displayed in golden color. Ligand B is illustrated with balls
and sticks. The images are generated with VMD.

In order to further probe the effect of temperature, I calculated the angular autocorrelation

function (ACF) of PDMA orientation 〈v̂(t ) · v̂(0)〉(v̂ = (~rC 5 −~rC 1)/(|~rC 5 −~rC 1|)) as:

AC F = 〈v̂(t ) · v̂(0)〉 =
1

N

N∑
i =1

1

M

M∑
θ=1

v̂i (t + tθ) · v̂i (tθ) (4.1)

Where ~rC 5 and ~rC 1 are positions of atoms C5 and C1 of ligand B as depicted in Fig. 4.4. The

time-dependent ACF of the PDMA molecular orientation is computed as an average over all

the pairs of the configurations at a given lag time to each other (over θ=1, M). From Fig. 4.4a,

one can observe that with the increase in temperature, molecules rotate faster as compared

to lower temperatures. However, while comparing the ACF for n=1 and n=2, we observe that

rotation of ligands is significantly faster for n>1 as compared to n=1. These observations

about ACF also suggest that entropy might play a significant role in the crystallization or

stabilization of these proposed 2D perovskites structures. From our simulations of n=2, n=3

and n=4, we find that the structures do not go through any intermediate phase as for n=1 and

stay in the DJ phase. This difference may arise due to the strong π-π interactions between the

ligands in n=1. We find that there are two different types of stacking in the structures of n=1

at temperature < 350K: T-shaped and parallel-displaced as shown in Fig. A.17. Moreover, in

the case of n=1, the molecules would have more freedom to slide than n>1. Also, there is a

significant tilt between the adjacent Pb-I octahedra for n=1 in mixed DJ+RP phases. These

qualitative insights can be beneficial for analyzing the structural properties of 2D perovskite

with a bi-cation spacer. Different pi-stacking patterns may dominate when these ligands are
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used to make 2D structures of these perovskites.

Figure 4.4 – Time dependent autocorrelation function of the unit C1-C5 vectors of ligand B:
Image (a) display the behavior of ACF at different temperatures from 200-400K for n=1 and (b)
is the comparison between n=1 and n=2 at 300K.

4.5 (1-adamantyl)methanammonium (A) and 1-adamantylammonium

(A’)

I perform classical MD simulations of the structure presented in Fig. A.18 [218]. The sim-

ulation procedure is similar to one described in the previous sections. Following a gradual

increase in temperature, I observe that the structure changes to the RP phase and stays in

RP for a long time (30ns). This is shown in Fig. A.19. These simulations show that the final

structure in the RP phase has a stable minimum on the potential energy surface compared to

the initial DJ structure. Furthermore, I also found that temperature has significant effects on

structural properties. In Fig. A.19, I show the evolution of the structure with the increase in

temperature. One of the aspects I observe is that there is transition in the configuration of the

ligand from Fig. A.19d to Fig. A.19e. The snapshots in Fig. A.19d is taken around 150K and

Fig. A.19e is taken at room temperature. I find that the ligands are parallel to each other at

lower temperatures.

However, at higher temperature the aromatic rings and the terminal ammonium groups of the

ligand start to rotate around the backbone of the ligand. These rotations can also be seen in Fig.

A.19f. For further information, I have calculated the ACF of ligand A orientation 〈v̂(t )·v̂(0)〉(v̂ =

(~rC 8 −~rC 3)/(|~rC 8 −~rC 3|)) as given in Equation 4.1. Where ~rC 8 and ~rC 3 are positions of atoms

C8 and C3 of ligand A as depicted in Fig. 4.5. The rotational times of ligand-A are of the order

of ns which is in qualitative agreement with the ns time scale from ssNMR studies reported in

previous study. Similar simulations were performed for n=2, n=3 and n=4 with similar findings,

i.e. that the most stable phase is RP.
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Figure 4.5 – Time dependent autocorrelation function of the unit C3-C8 vectors of ligand A:
Image displays the behavior of ACF at different temperatures: 300K, 350K and 400K for n=1.

Figure 4.6 – Comparison of equilibrated structures for 2D perovskite (n=1) with ligand-A
and ligand-A’. Lead (Pb2+) ions are shown with golden balls, iodide (I-) ions are displayed with
pink spheres. Pb-I octahedra are displayed in golden color. Ligand A and A’ are illustrated with
balls and sticks. The images are generated with VMD.
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Ligand A’

I follow a similar procedure as described in the previous section. Concerning structural

differences between systems A with respect to A’, it is interesting to observe a significant

mutual tilt between adjacent Pb-I octahedra with ligand A’ that is absent or less pronounced

for ligand A. This behavior has also been observed in another study of rigid spacers from Mitzi

and co-worker [29]. Furthermore, due to the higher rigidity of ligand A’, the configuration of

the ligand is more random, as shown in Fig. 4.6.

In order to gain a first indication of the thermal stability of the structures, I also performed

classical MD simulations at higher temperatures (more than 400K). In the case of ligand A’, I

find that the corner-sharing network of Pb-I octahedra slowly starts to transform into edge-

sharing configurations, which does not occur in the case of ligand A. This could indicate that

the experimentally observed structures for 2D perovskites with ligand A’ might be a mixture of

corner and edge-sharing octahedra, which might lead to lower efficiencies than 2D perovskites

with ligand A.

4.6 Mixture of 2-phenylethylammonium and

2-(perfluorophenyl)ethylammonium

One of the most widely employed organic moieties for layered perovskites is 2-phenylethy-

-lammonium (PEA+) which interacts with the PbI4-
6 octahedra slabs via ion pairing and hydro-

gen bonding through the ammonium termini (-NH3+). In this project, fluoroarenes, such

as 2-(perfluorophenyl) ethylammonium (FEA+) are added along with PEA+. The presence of

fluoroarene moieties could further contribute to the hydrophobicity of the material, improving

its resilience to moisture. At the same time, fluoroarene anion-π interactions could also reduce

halide ion migration, increasing the stability under device operating conditions. Therefore,

supramolecular π-assemblies of arenes and fluoroarenes could be used to control the proper-

ties of hybrid perovskites and their composites, although they remain under-exploited in this

context.

Here, I use molecular simulations to elucidate the atomic-level structure of this mixed cations

in a model system that consists of PEA+ and/or FEA+ molecules (S+) in a typical layered

low-dimensional perovskite of S2PbI4 (n = 1) composition[219]. First, trial structures were

generated by selecting low-energy structures from MD simulations (detailed in the Appendix).

Based on previously reported crystal structures, two different relative orientations of the

molecule’s aromatic rings were considered: the “twisted” structure (Fig. 4.7a), with a twist

between the aromatic rings in the two opposing layers and the “parallel” structure (Fig. 4.7b),

with aromatic rings from opposite layers aligned in parallel planes at 180o between the layers.

For (PEA)2PbI4, the twisted structure has a lower energy than the parallel structure (see Table

4.1), which is in agreement with the reported single crystal structure (CCDC no. 1542461)

[220].
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Figure 4.7 – Trial structures of layered perovskites: Top panel shows the twisted and parallel
relative orientations of the aromatic rings in adjacent layers. Bottom panel is a schematics
of different possible arrangements (1–5) of PEA+ and FEA+ molecules on the two opposing
lattices representing the spacer bilayer within the layered perovskite.
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In contrast, for (FEA)2PbI4, the parallel structure was found to have lower energy than the

parallel structure.

For the mixed (PF)2PbI4 layered perovskite, there could be many possible arrangements of the

PEA+ and FEA+ spacers. I have considered the simpler representations of spacer cations to

form five trial structures (1–5, Fig. 4.7). In structure 1, each face comprises only a single type

of spacer, while structures 2 and 3 have “checkerboard” arrangements of the cations on each

face. In structure 2, the arrangements are offset so that unlike spacers are opposite each other

(i.e., PEA+ is opposite FEA+), while structure 3 has alike spacers opposing. Finally, structures

4 and 5 have striped arrangements of the spacers on each face with unlike and like-pairing

arrangements of the opposing spacers, respectively. In addition, I also consider a segregated

model, where the energies are calculated for the separate pure twisted (PEA)2PbI4 and parallel

(FEA)2PbI4 structures, to imitate the environments in a nanoscale segregated structure that

would form as a result of predominantly narcissistic self-sorting.

Table 4.1 compares the relative energies of five mixed (PF)2PbI4 structures and the segregated

model with the pure (PEA)2PbI4 and (FEA)2PbI4 structures. The lowest energy was found for

a segregated model which is in agreement with the experimental observations from experi-

mental collaborators. As a result, the photovoltaic performance of the mixed system could be

affected as compared to the pure system through a synergistic effect.

Table 4.1 – DFT energy comparison of twisted and parallel structures for (FEA)2PbI4,
(PEA)2PbI4, and configurations 1–5 of (PF)2PbI4 (PF = 1:1 PEA+:FEA+; shown in Figure 5
in the main text). The energy of the segregated model is the average of the lowest energy
(FEA)2PbI4 and (PEA)2PbI4 structures.

DFT energy [eV/f.u.] Relative energy [eV/f.u.]

(FEA)2PbI4

Twisted -15276.3635210 0.175
Parallel -15276.5384697 0.000

(PEA)2PbI4

Twisted -8711.5987783 0.000
Parallel -8711.5641965 0.035

(PF)2PbI4

1 -11994.2329298 0.000
2 -11993.8457719 0.387
3 -11993.9927588 0.240
4 -11993.9960029 0.237
5 -11993.9259885 0.307

Segregated model -11994.0686240 0.165
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During my Ph.D. thesis, I contributed to the progress of halide perovskite research: enhanc-

ing the efficiency and stability by understanding the fundamentals of their crystallization

process. I studied nucleation and growth from solution, solid-solid phase transition, and low-

dimensional halide perovskites. Moreover, I predicted new polymorphs of halide perovskites

which could play an important role in the crystallization process and can be of potential

interest for making PSCs, LEDs, photo-detectors, and passivating surface defects. My results

revealed the molecular level details of the phase transitions and effects of the additives for the

synthesis and stabilization of the most efficient FAPbI3 perovskite.

I started from the original MAPbI3 perovskite. I revealed the formation mechanism of inter-

mediate colloidal clusters and identified the key role of monovalent cations in the nucleation

process. Most importantly, for the first time in all atomistic simulations, I nucleated such a

complex hybrid organic-inorganic material from its homogeneous solution. I collaborated

with experimentalists and utilized the fundamental insights to design a new synthesis process

for a rational control over the grain size in thin-films.

After this study, I have been focused on the most important perovskite used to make record-

breaking PSCs: FAPbI3. In general, highly efficient metastable α-FAPbI3 can only be formed

above∼150◦. In contrast to this common belief, I discovered a new path to the low-temperature

formation of phase-pure α-FAPbI3. From the successful molecular simulations of the two-step

process, I was able to show that FAI can directly react with PbI2 to form a primary metastable

phase that can be directly converted to α-FAPbI3 via Ostwald ripening, therefore avoiding

the formation of δ-FAPbI3. Once again, I found that monovalent cations are important for

the formation of α-FAPbI3, meaning insufficient availability of FAI might result in incomplete

conversion and formation of δ phase, whereas the abundance of FAI could help in the forma-

tion of α phase. I collaborated with experimental groups, and first, we proved that indeed a

low-temperature formation of phase-pure α-FAPbI3 is possible. This we demonstrated via

both in-situ and ex-situ XRD measurements of two-step process. After I corroborated my

theoretical results, I conceived and conceptualized a new experimental methodology to make

the thin-films of the phase-pure α-FAPbI3. Together with the experimental collaborators, we
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systematically designed a highly porous PbI2 morphology which could facilitate the diffusion

of FAI for a complete conversion. Lastly, we made thin-films of the phase-pure α-FAPbI3.

In the race of making record-breaking PSCs with α-FAPbI3, fundamental questions on the

stability of the metastable α phase have remained unanswered ever since the experimental

community has started to make α-phase based electronics. I calculated the energy barrier for

the phase transition between α and δ phases of FAPbI3. I found that they are separated by an

energy barrier of ∼0.7 eV, hence proving that α-FAPbI3 is a kinetically stable material.

Apart from these rewarding fundamental aspects of crystallization, I studied the impact of

different additives and solvents on the formation and stabilization of α-FAPbI3. Importantly,

my simulations uncovered the role of pseudo-halide additives (SCN- and HCOO-) to make

high-efficiency PSCs. I realized that the smaller SCN- and HCOO- anions are not likely to

be doped into the lattice; however they impact the crystallization process. My calculations

illustrated that comparatively higher binding affinities of pseudo-halides towards the Pb2+,

and FA+ cations could help in breaking and prohibiting the formation of face-sharing Pb-I

octahedra, which are building blocks of the δ-phase. The subsequent simulation results

explained the benefits of the passivation of harmful iodide vacancies on the surface and grain

boundaries with SCN- and HCOO-. Moreover, while studying the effect of different solvents

on the crystallization process, my simulations explained the atomic details of mixing a low-

toxicity solvent (THF) in the conventional recipe. From quantifying the binding energies and

coordination chemistry of different solute-solvent complexes, we learned that mixing THF and

DMF/DMSO can effectively regulate the thin-film thickness and minimize the raw material

waste during coating processes preserving the efficiency. Lastly, I successfully predicted the

crystal structures of low-dimensional perovskites, which are used to produce highly stable

PSCs, LEDs, and transistors.

Future direction

PSCs are now moving towards commercialization. Although record efficiencies are still in-

creasing, the main research focus has been shifting towards reproducing the small area PCEs

on the industrial scale large surface area solar panels. Popular manufacturing methodologies

such as solution processing, solid-solid two-step conversion, and other coating techniques

have many problems while reproducing and up-scaling small area PCEs to the large area.

Moreover, the limited stability and potential toxic Pb leakage during operational conditions

are serious challenges that must be addressed. I believe precise control over final morphology

will solve these problems and contribute to the rapid industrialization of halide perovskites.

My research allowed a better understanding of the atomic-level details of the crystallization

of halide perovskites. However, I could only qualitatively and partially understand the nucle-

ation, growth, and polymorphism in these highly complex materials. In the future, I believe

it is essential to first lay out a complete phase diagram of these materials and calculate the

nucleation rates and mechanism of important perovskite polymorphs from the molecular sim-
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ulations and state-of-the-art experimental recipes. Also, it is equally important to control the

shape and size of the growing crystals. To achieve these goals, a great deal of new simulations

methodologies need to be developed. I also believe future simulations will help in replacing

traditional DMF and DMSO solvents with new suitable solvents/additives to make excellent

quality and stable perovskites.
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A.1 Single-step process

Simulation-(B)

a

c d

b

Figure A.1 – Illustration of the full nucleation pathway for simulation-(B):. Pb-I complexes
are shown as golden and blue polyhedra with Pb2+ in the center and I- on the corners. I- is
shown as pink spheres. MA+ ions are shown with ball and sticks. Snapshot (a) represents the
initial solution of MA+, I- and Pb2+ in GBL. GBL molecules are respresented with ball and stick
model and shown as semi-transparent to visualize the random distribution of Pb2+, I- and
MA+ in solution. Snapshot (b) represents the intermediate cluster formation of edge-sharing
[PbI6]4- octahedra. Snapshot (c) shows the first perovskite nucleus observed in the solution.
Snapshot (d) shows the largest perovskite crystal in this simulations. All the images of these
snapshots are generated with VMD-1.9.2.[119]

78



An appendix Chapter A

Figure A.2 – Analysis of edge-sharing octahedra: Number of edge-sharing octahedra as a
function of simulation time in simulation (A) 79
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a

b

Figure A.3 – Top panel is the g(r) of Pb2+-Pb2+ in MAPI cubic perovskite and bottom panel is
the g(r) of Pb2+-Pb2+ in crystalline PbI2

.
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Figure A.4 – DFT relaxed slabs of FAPbI3 with different anions adsorbed at the iodide va-
cancy site on the surface: (a) pure FAPbI3 slab structure with Pb-I terminated surface on top
and FA-I terminated surface on bottom side, (b) front view of the Cl- passivated surface, (c)
Br- passivated surface, (d) BF-

4 passivated surface, (e) HCOO- passivated. (f) illustrates the
iodide vacancy passivation with HCOO-. All chemical species are shown with balls and sticks
representation. Pb2+ ions are shown with the large brown coloured spheres, I- with violet,
oxygen atoms with red, carbon atoms with dark brown, nitrogen atoms with light blue, Br-

with reddish brown, Cl- with light green, boron atoms with dark green, fluorine atoms with
yellow and hydrogen atoms are represented with white spheres.
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Figure A.5 – DFT relaxed FAPbI3 slab HCOO- adsorbed at the iodide vacancy site on the Pb-
I terminated surface. All chemical species are shown with balls and sticks representation.
Pb2+ ions are shown with the large brown coloured spheres, I- with violet, oxygen atoms with
red, carbon atoms with dark brown, nitrogen atoms with light blue and hydrogen atoms are
represented with white spheres.
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Figure A.6 – DFT relaxed FAPbI3 slab HCOO- adsorbed at the iodide vacancy site on with
FA-I terminated surface. All chemical species are shown with balls and sticks representation.
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Figure A.7 – DFT relaxed slabs of FAPbI3 with different anions on the surface:(a) pure FAPbI3

slab structure with FA-I termination on top and Pb-I termination on bottom side, (b) front
view of the COOH- passivated surface, (c) side view of the COOH- passivated surface, (d) Cl-

passivated surface, (e) Br- passivated and (f) BF-
4 passivated surface.

Figure A.8 – Desorption energies of FA+ cations on different passivated surfaces.
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A.2 Two-step process

Figure A.9 – Surface structures: A zoomed-in view of the final configuration of corner-sharing
structures on the interface.

A.3 Quasi-2D perovskites

A.3.1 Guanine

Methods:

Classical MD simulations: Supercells discussed in this work are made of 256 units of GA2PbI4

(n=1) and 216 units of GA2FAPb2I6 (n=2). Systems used for electronic structure calculations

constructed with 8 units of GA2PbI4 (n=1) and 16 units of GA2FAPb2I6(n=2). Initial DJ struc-

tures were build with VMD software by placing the guanine cations between layers of Pb-I

octahedra and 3D structure of FAPbI3. An avilable interatomic potential[188] was chosen

for Pb and I. We have selected this potential as it represents both edge-sharing phase of

PbI2 and corner-sharing perovskite structure. Generalized amber force fields (GAFF) were

parameterized for the guanine cations and formamidinium cations. Heterogeneous inorganc-

organic paramters were appropriately chosen from literature. A 1.0 nm cutoff for nonbonded

interactions was selected with three-dimensional periodic boundary conditions. Long range

electrostatic interactions were treated with the particle-particle-particle-mesh Ewald method.

SHAKE algorithm[126] was applied to constrain the bond length of hydrogen atoms. All simu-

lations are performed with a time step of 2fs with the Large-scale Atomic/Molecular Massively

Parallel Simulator(LAMMPS) code (31 Mar 2017)[127]. Each system was first minimized with a

conjugate gradient algorithm with a tolerance of maximum residual force of 10-3 kcal/molA.

After equilibration I optimize the structures in an isothermal-isobaric ensemble. A velocity

rescaling thermostat [128] was used with a relaxation time of 0.1 ps. Parrinello-Rahman baro-

stat [129] was employed to keep the pressure euqal to standard atmospheric pressure with

a relaxation time of 10ps. Triclinic variable cell barostat was applied to freely optimize the
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lattice parameters. For optimization, I slowlly increase the temperature from 0K to 300K in 10

ns. Later, we perform 5 ns simulations at a constant temperature of 300 K. In the end I quench

the system to 0K to extract the final structure and lattice parameters.

DFT calculations: Electronic structure calculations were performed based on Generalized Gra-

dient Approximation (GGA) of density functional theory (DFT) using the Quantum Espresso

package [156] and Perdew–Burke–Ernzerhof functional revised for solids (PBEsol)[212]. Ultra-

soft pseudo-potentials were used for valence-core electron interactions with a plane wave

basis set of 40 Ry kinetic energy cutoff and 280 Ry density cutoff. The Brillouin zone was

sampled by a 3x3x1 k-point in both cases.

  

a

b

c d

Figure A.10 – Structure trial 1: Images (a) and (b) are front and side view of initially estimated
supercell for n=1. (c) illustrated the immidiate structure after a few step afte the start of
classical MD simulations. (d) is the final structure. Lead (Pb2+) ions are shown with golden
balls, iodide (I-) ions are displayed with pink spheres. Pb-I polyhedra are displayed in golden
color. Guanine cations are illustrated with ball and sticks. Here we use the Guassian optimized
geometry of ligand.
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a

b

c d

Figure A.11 – Structure trial 2: Images (a) and (b) are front and side view of initially estimated
supercell for n=2. (c) illustrated the immidiate structure after a few step afte the start of
classical MD simulations. (d) is the final structure. Lead (Pb2+) ions are shown with golden
balls, iodide (I-) ions are displayed with pink spheres. Pb-I polyhedra are displayed in golden
color.

87



Chapter A An appendix
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b

c d

Figure A.12 – Structure trial 3: Images (a) and (b) are front and side view of initially estimated
supercell for n=2. (c) illustrated the immidiate structure after a few step afte the start of
classical MD simulations. (d) is the final structure. Lead (Pb2+) ions are shown with golden
balls, iodide (I-) ions are displayed with pink spheres. Pb-I polyhedra are displayed in golden
color. Guanine and formamidinium cations are illustrated with ball and sticks.

Figure A.13 – Predicted structure: (a) is the initially estimated supercell for n=2. (b) and (c)
shows the finally optimized structure. Lead (Pb2+) ions are shown with golden balls, iodide (I-)
ions are displayed with pink spheres. Pb-I polyhedra are displayed in golden color. Guanine
and formamidinium cations are illustrated with ball and sticks.
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Figure A.14 – DFT optimized structure for n=1: Images (a) and (b) are front and side view of
structures extracted from classical MD simulations. (c) and (d) show the front and side view of
DFT optimized structures. Lead (Pb2+) ions are shown with golden balls, iodide (I-) ions are
displayed with pink spheres. Guanine ions are illustrated with ball and sticks.

Figure A.15 – DFT optimized structure for n=2: Images (a) and (b) are front and side view of
structures extracted from classical MD simulations. (c) and (d) show the front and side view of
DFT optimized structures. Lead (Pb2+) ions are shown with golden balls, iodide (I-) ions are
displayed with pink spheres. Guanine and formamidinium ions are illustrated with ball and
sticks.
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Figure A.16 – Tautomers in DFT optmized structure for n=1: Both molecules are illustrated
with ball and sticks. Color coding of the balls is following: oxygen is red, carbons is greenish
blue, nitrogens are dark blue and hydrogen are represented with white color smaller balls

A.3.2 PDMA

  

a
b

c

Figure A.17 – Structrual analysis for ligand B: (a) is the equilibrated geometry for n=1 (b)
shows the arrangement of ligands between 2 layers. Image (c) highlights the T-shaped configu-
ration in one of the layers in the 2D supercell. Ligand B is illustrated with balls and sticks. The
images are generated with VMD.
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A.3.3 (1-adamantyl)methanammonium (A) & 1-adamantylammonium (A’)

Figure A.18 – Initial DJ structures with Ligand A: Left panel shows the supercell for n=1 and
right panel shows the initially build supercell for n=2. Lead (Pb2+) ions are shown with golden
balls, iodide (I-) ions are displayed with pink spheres. Pb-I octahedra are displayed in golden
color. Ligand A and formamidinium (FA+) ions are illustrated with balls and sticks. The
geometry for ligand A was obtained from DFT optimization with Gaussian software. Images
are generated with VMD software.

  

a b c

def

Figure A.19 – Change in structure with increasing temperature: Images (a) to (e) for n=1.
Image (f) is the side view of image (e). Lead (Pb2+) ions are shown with golden balls, iodide (I-)
ions are displayed with pink spheres. Pb-I octahedra are displayed in golden color. Ligand A is
illustrated with balls and sticks. The images are generated with VMD.
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Methods:

Supercells are made of 120 units of A2PbI4, A’2PbI4 and (PDMA)PbI4. Initial DJ structures

were built with VMD by placing the ligands between layers of Pb-I octahedra. GAFF were

parameterized for the ligands and formamidinium ions. I use the triclinic variable cell barostat

in all of our simulations. With this setup, the temperature was slowly increased from 0K to

T (temperature) in 10 ns. Then I perform 30 ns simulations at the constant temperature. To

calcualte ACF, MD simulations were performed for 5 different temperatures at 200K, 250K,

300K, 350K and 400K. These simulation were done check the stability and calculations of

rotational dynamics of ligands at different temperatures. In order to get the final structure, I

quench the structure to 0K.

A.3.4 PEA and FEA mixtures

To propose possible trial arrangements for layered perovskites with PEA+, FEA+, and their

mixtures, I first constructed different layered (n = 1) perovskite structures by placing PEA+

and FEA+ molecules between the layers of corner-sharing Pb-I octahedra. All of the initial

mixed structures were built with VMD and based on previously published studies. In order to

obtain relaxed geometries, I first performed classical molecular dynamics simulations followed

by DFT calculations. For the classical MD simulations, I applied a similar methodology as

presented in the section above. Generalized AMBER force fields (GAFF) were parameterized

for PEA+ and FEA+. I used 188 atoms supercells of (FEA)2PbI4 and (PEA)2PbI4 structures and

376 atoms supercells for mixed configurations. From these simulations we could observe

many different configurations. However, I systematically classify the relevant configurations

and select five different structures which take into account possible mixed configurations

of PEA+ and FEA+, as described in the chapter 4 The relative energies do not include finite

temperature effects.
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